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(viii) 
TERMINOLOGY AND SYMBOLS 
In discussing data on root length per unit volume of soil, the 
descriptive term 'root density' has been preferred to others, such 
as 'root length density' and 'root length', which are used in the 
literature. 'Root length' is used only where the length is described 
per unit area of soil surface, or without a space dimension. 
Throughout this thesis, the notation used to describe levels 
of statistical significance is as follows; 
n.s. 
* 
** 
denotes a non-significant effect (P > 0. 05), 
denotes a probability 0.01 > P < -0.05, and 
denotes a probability P < 0.01. 
Symbols which are used frequently, are as follows; 
A 
I 
L 
L/UL 
rL 
RWC 
RYT 
SD 
S.E. 
TD 
WW 
'i'L 
'i' 
s 
'IT 
p 
Aggressivity (McGilchrist 1965) 
Incident photosynthetically active radiation (µE m- 2s- 1) 
Uniformly limed soil profile 
Limed soil overlaying unlimed soil 
Leaf diffusive resistance (s cm- 1) 
Relative water content 
Relative yield total (de Wit and van den Bergh 1965) 
Surface droughted soil profile 
Standard error 
Totally droughted soil profile 
Well-watered soil profile 
Leaf water potential (MPa) 
Soil water potential (MPa) 
Osmotic potential (MPa) 
Turgor potential (MPa) 
(ix) 
SUMMARY 
Although it is generally accepted that deeply rooted plants in a 
mixed community have an advantage over those with shallow rooting 
patterns during drought, documentary evidence to support this hypothesis 
is scarce. The study reported in this thesis was therefore initiated 
to overcome this deficiency. 
Genotypes of tomato (Lycopersicon esculentwn), wheat (Triticwn 
aestivwn) and barley (Hordewn vulgare) were grown in deep profiles 
of an acid soil in order to ~dentify two genotypes which differed 
widely in their rooting patterns. A technique was developed which 
promoted extreme differences in the depth of penetration of roots 
of !Colonias' wheat and 'Abyssinian' barley. The shoots of these two 
species showed similar morphological and physiological adaptations to · 
water deficits. The likeness in the adaptation of the shoots to water 
stress permitted a direct appraisal of the effect of rooting patterns 
on the development of water deficits in the shoots of the two species 
during vegetative growth in monocultures and a 1:1 mixture. 
The effect of surface droughting of the soil profile on plant 
water stress differed from that of a total drought; the effect of 
surface droughting also differed between monocultures and the mixture 
of the species as a direct result of differences in root growth 
. between the species and soil water availability. This adaptation by 
the root systems was studied in further experiments in which the 
availability of water and nutrients at a depth, and the ·presence of a 
shallow rooting component in a mixture were found to influence the 
(x) 
extent of deep root proliferation. 
Results from the series of nine experiments in the study showed: 
(i) Root growth in an unlimed acid soil differed between nine 
genotypes of tomato, but differences in the depth of penetration 
of the roots in 89 cm deep profiles diminished with time, as each 
reached the base of the profile. In contrast, root growth 
of 'Abyssinian' ?arley was almost completely inhibited in 
the unlimed soil, whereas root growth of 'Colonias' wheat did 
not differ (P > 0. OS) between limed and unlimed soil. 
(ii) Barley root growth increased sigmoidally as the rate of 
addition of lime to the acid soil increased to about 
-1 2 g Caco3 kg ; root growth at higher rates increased only 
slightly. A system was therefore developed in which the depth 
of penetration of barley roots was closely controlled by the 
depth of limed soil. Wheat roots penetrated to the full 
depth of the profile, irrespective of lime treatment. When 
grown in a mixture, the difference in the depth of root 
penetration between the species was altered by adjusting the 
depth of limed soil. 
(iii) The diffusive resistance of young, fully expanded leaves of 
well-watered plants of both species declined rapidly as 
irradiance increased to about 400 µE m- 2s- 1, and changedlittle 
-1 from amean of approximately 2.5 s cm as irradiance increased 
-2 1 -2 -1 from 700 µEm s- to 2000 µEm s In well illuminated 
leaves, stomata closed at a leaf water potential (~L) of 
-1 . 2 MPa in wheat and -1.3 MPa in barley. The similarity of 
stomatal response to light and ~ L in the two species was confirmed 
by the absence of a significant deviation from the mean 
(xi) 
transpiration ratio of 356 ± 14 g g-l 
(iv) Tissue water relations of the two cultivars of wheat and 
barley were also similar. Data from pressure-volume 
relationships showed;(a) the apoplastic water content of 
the leaves of both species was between 10.9 and 12.0 per 
cent of total water content, (b) osmotic potential (1r) at 
full turgor was between 0.2 and 0.3 MPa lower in leaves 
with ~Lat dawn of -1.0 MPa, compared with leaves with a 
dawn ~L of -0.1 MPa; at zero turgor, 7T was 0.4 MPa lower 
in stressed than in wet leaves, (c) the bulk elastic 
modulus did not change with droughting and in both species 
was between 14 and 20 MPa. 
(v) In all experiments; the dry matter yield of barley shoots 
exceeded those of wheat, and the mixture yields were usually 
intermediate. However, in one experiment, in which the depth 
of liming resulted in some separation of the root niches of 
the two species, the mixture yield was slightly, but not 
significantly, greater than that of the barley m~noculture. 
As a result, relative yield total of the mixture was greater 
than 1 and hence the mixture yields exceeded those expected 
from the mean monoculture yields. 
(vi) Dry matter yields of the two species did not differ significantly 
between treatments in which either the whole soil-root volwne 
was wet or water in only part of the volume was replenished. 
Surface droughting reduced the shoot yields of shallow rooted 
barley by more than SO per cent, and the yield of both species 
was reduced substantially by a total drought. 
(vii) Although ~Lin well-watered barley plants was slightly lower 
than in wheat, both temporal and diurnal changes in each of 
(xii) 
the two species were similar. Maximum ~L was greater than 
-0.3 MPa, and minimum values, measured at about 1430 h,- we~e 
between -1.0 MPa and -1.5 MPa. Surface droughting of boxes 
containing shallow rooted barley initially resulted in a more 
rapid decline in ~Lin the barley monoculture than in barley 
plants in 1:1 mixture with wheat. However, as the severity 
of the drought in the surface soil increased, ~L declined 
further in the mixture than in monoculture. Green leaf 
areas declined accordingly. At the end of the drought, ~L 
in monoculture barley, but not in mixture, had recovered 
by 0.7 MPa at dawn and 0.3 MPa at 1400 h. Reasons for this 
recovery are discussed. 
(viii) When the mixture of wheat and barley relied solely on water 
stored in the profile during a drought period, leaf water 
deficits were evident earlier, and were ultimately more 
severe in the shallow rooted barley component than in wheat. 
This effect was mainly due to the lower .green leaf area of 
wheat plants, and hence their slower rate of depletion of 
water in soil below the rooting depth of barley. When the 
roots of both species .penetrated the full profile depth, 
the slower rate of water use by wheat was of no advantage 
and, during a drought, ~Lin both species declined linearly. 
(ix) In two treatments there was a large proliferation of roots 
in response to water deficits: (a) In surface droughted 
barley monocultures, root density in the section of the soil 
profile 45-55 cm deep 15.2 cm -3 in the shallow rooted was cm 
treatment, and 5.0 cm -3 cm in the deep rooted treatment. 
TI1is difference was due to the proliferation of roots at the 
interface of the wet, root-free, unlimed soil and the limed 
(xiii) 
soil. (b) In the surface droughted mixture, there was a 
large proliferation of wheat roots below the shallow 
rooting zone of the barley component. Mean root densities 
of wheat be.low 55 cm increased by as much as 25 per cent 
when basal nutrients were present in the soil, but in the 
absence of basal nutrients, the difference between 
well-watered and surface droughted treatments was not 
significant. 
(x) 1be length of roots of unstressed wheat plants was greater 
in mixtures than in monocultures, suggesting that barley had 
a stimulatory effect on root growth of the wheat component. 
1be greater length of root did not result in a substantially 
higher ratio of shoot-to-root weights. 1be increase in root 
weight, relative to shoot weight, is a potential advantage 
for drought resistance. 
(xi) 1be results have a strong ecological implication. When water 
is freely available in deep strata of the soil profile and 
the largest morphological or physiological difference between 
plants grown in a mixture is in their rooting pattern, the 
effect of water deficits on the shallow rooting species was 
more severe when grown in mixture with a deeper rooting species, 
than when grown in monoculture. However, for very short term 
droughts, th e effect of wat er deficits was more severe on the 
s hallow rooting species in monoculture than in mixture. 
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Chapter 1. 
Introduction 
The supply and utilization of factors, such as light, water and 
nutrients, for growth by plant cormnunities is suboptimal for maximum 
plant productivity, during at least part of their growth cycle 
(Trenbath 1976). Of these factors, soil water supply is at least 
temporarily limiting in most terrestrial plant habitats (Lange, Kappen 
and Schulze 1976); thus, in agriculture, water deficits are often the 
most important single factor limiting crop yields (Begg and Turner 
1976). 
Water is taken up by plants from wet strata of the soil profile 
and moves through the plant to the atmosphere along a gradient of 
decreasing water potential (Weatherley 1965; Slatyer 1967; Kramer 1969; 
Gardner, Jury and Knight 1975; Oertli 1976). The rate of water uptake 
is controlled primarily by the rate of water loss (Kramer 1969) which, 
under non-stressed conditions, is largely governed by meteorological 
conditions in the atmosphere surrounding the community, rather than by 
plant and soil factors (Gardner 1965). However, as the supply of water 
in the rooting zone is depleted, plants experience increasingly severe 
water deficits (Slatyer 1967). The ability of plants to adapt to these 
deficits is determined by both morphological and physiological 
mechanisms (see review by Begg and Turner 1976). Exploration of deep 
soil strata is one of these mechanisms. Supplies of water obtained 
through deep root proliferation has substantially reduced the impact 
of drought on yields in a number of crops, including wheat (e.g. Hurd 
1968, 1974; Derera, Marshall and Balaam 1969). However, in mixed 
plant communities, where the rooting patterns of the component 
genotypes are often different (Weaver and Darland 1949; Coupland 
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and Johnson 1965), the role of adaptive mechanisms in the root in 
drought resistance has received little attention. Different rooting 
patterns of the components in mixed plant communities also influences 
the rate of depletion of the soil water resource and may induce a 
differential development of stress in the components of the mixture. 
This has, for example, been suggested as the reason for the death of 
grasses, sown in mixture with lucerne (Medicago sativa), during long 
dry summer periods in some high rainfall areas of N.S.W. Lucerne 
roots penetrate deeply in some soils (Meinzer 1927; Christian 1977), 
and during dry summers they Gompete with the grasses for moisture in 
shallow soil strata and safeguard their survival by withdrawing 
water from the deep strata (Dann 1962; Vartha 1972). 
When the components of a mixture of plants have similar root 
properties, both water and mobile nutrients in the soil-root volume 
are shared in proportion to the root lengths of the components present 
in that volume (Andrews and Newman 1970; Baldwin, Tinker and Nye 1972). 
However, the degree of overlapping of the root system of the components 
determines the intensity of competition effects (Cable 1969; Trenbath 
1975) and, hence, a knowledge of the patterns of root distribution of 
the components become important . . 
Experiments were therefore undertaken between 1975 and 1978, to 
study the effect of differences in rooting patterns on the supply of 
water to the shoots of two plant genotypes grown in monoculture and a 
simple binary mixture. The study was conducted in controlled 
environments using pots and deep root boxes. The broad aims of the 
study were; 
(i) The quantify the development of shoot water deficits as a 
result of differences in rooting patterns and the supply of 
soil water to plants in monoculture and a binary mixture. 
(ii) To examine the influence of the identity of neighbouring 
plants, and the location of water and nutrients in the soil 
profile, on the rooting patterns of the components of a 
binary mixture. 
(iii) To evaluate the role of root growth as a mechanism for the 
adaptation of plants, in mixture, to drought. 
The first part of the study was concerned with selecting two plants 
with large differences in root growth, but with similar shoot adaptations 
to water deficits (Chapters 3 and 4). This part of the study was 
necessary in order to ensure that responses to water deficiti could be 
largely attributed to the effect of differences in the rooting patterns 
of the plants and not to other mechanisms of adaptation to drought. In 
order to establish the interaction between plants differing in their 
rooting patterns, the response of the two genotypes to different 
watering regimes in a 1:1 mixture was compared with their response in 
monoculture. The experiments are therefore an example of an integrated 
study of the morphological and physiological responses of the components 
of a simple mixture to water .deficits. Although there are a large 
number of reports on the effects of withholding water on shoot yields 
in mixed pastures, few have documented the integrated effects of 
morphological and physiological responses of the plants to water 
deficits in monocultures and mixtures. The effects of water shortages 
on yield are therefore difficult to extrapolate in time and space. 
This study aims to overcome this deficiency. 
Chapter 2 . 
Review of literature: ecophysiological effects of 
root patterns on the supply of water to plants in 
mixed communities . 
1. INTRODUCTION 
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In many of the world's plant communities, above- and below-ground 
res ources needed for plant growth are shared by diverse mixtures of plants. 
The number of genotypes varies widely between communities, but in all cases 
each individual possesses a unique set of attributes which enables it to 
coexist with others competing for the limited supply of resources required 
for growth. This inter-pJant competition, which may be further intensified 
by man's intrusion, ultimately determines the stability and productivity of 
a community (de Wit 1960; Donald 1963). 
Wat er is the major limiting factor to plant productivity on 40 per 
cent of the world's land surface defined by Meigs (1953) as arid and 
semiarid (Fischer and Turner 1978). In wetter areas, plant productivity 
is also frequently limited by sporadic droughts of variable length (Begg 
and Turner 1976). This review therefore emphasises the importance of 
root-soil water relationships as one aspect of the competitive interaction 
between plants which influences the pattern of diversity in mixed plant 
communities. No attempt has been made to review all factors affecting the 
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outcome of competition between plants, although some are discussed where 
an important relationship to rooting characteristics occurs. Although 
this chapter covers some aspects dealt with in other recent reviews on the 
transport of water to plant roots (Newman 1974; Tinker 1976; Greacen 1977), 
root patterns (Russell 1977), root extension and water uptake (Caldwell 
1976) and water movement through root systems (Newman 1974, 1976; Greacen, 
Ponsana and Barley 1976; Russell 1977; Taylor and Klepper 1978), there is 
a stronger emphasis in this review on the ecophysiological implications of 
root behaviour in mixed plant communities. 
2. PATTERNS OF ROOT DISTRIBUTION 
Plant rooting patterns are · genetically controlled, but considerable 
modification occurs under the influence of factors in both the soil and 
aerial environments. ~n form and structure therefore, the root system 
of a plant may be as distinctive as its aerial parts. Roots may penetrate 
to extreme depths in some environments. For example, roots of Medicago 
sativa have been found below 39 m (Meinzer 1927) and those of Prosopis 
juliflora below 53 m (Phillips 1963) and regularly between 10 m and 30 m 
(Solbrig and Orians 1977). However, in most situations the majority of 
roots of most plant species are found in the upper 1 to 2 m of the soil 
profile. In this section the genetically controlled variation in, and 
the direct influence of neighbouring plants on, rooting patterns are 
considered; in Section 3 the interaction between the plant and its edaphic 
environment is discussed. 
2.1 Genotype effects. 
Wide interspecific differences in root morphology have been long 
recognised as a distinctive characteristic among species (Weaver 1926). 
Reviews by Troughton and Whittington (1969) and Zobel (1975) indicate that 
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there is also ample evidence for genetic differences in root growth within 
species. Russell (1977) lists crops for which differences between 
varieties have been described; in agricultural pastures and in natural 
ecosystems genotypic differences · have been recorded, for example, in 
Trifoliwn repens (Caradus 1977), Loliwn perenne (Troughton 1963) and 
Mediaago sativa (Smith 1951; Avendano and Davis 1966). 
More importantly, however, genetic differences in rooting patterns 
have been related to the efficiency of nutrient uptake (Vose 1963; Hackett 
1969; Andrews and Newman 1970; Barley 1970; Adepetuand Akapa 1977) and the 
exploration of soil moisture reserves in the soil as an important means of 
resisting drought (Vose 1963; Gardner 1964; Salim, Todd and Schlehuber 
1965; Hurd 1968; Derera, Marshall and Balaam 1969; Hurd 1974; Nour and 
Weibel 1978). 
Rooting patterns are a function of the number of roots produced, the 
extent to which they branch, and their depth of penetration. Derera, 
Marshall and Balaam (1969) found two-fold differences in the total number 
of seminal and nodal roots, the depth of penetration of the nodal roots 
and length of root per unit weight among cultivars of Tritiawn aestivwn. 
Large differences in root growth between cultivars of Glycine max have 
also been described (Raper and Barber 1970; Burch, Smith and Mason 1978). 
For example, the cultivar 'Harosoy 63' had a higher potential for 
exploiting a soil environment than 'Aoda' (Raper and Barber 1970). Core 
samples taken to a depth of 80 cm in one undisturbed field soil showed 
the root system of 'Harosoy 63' to have a consistently great~r surface 
area, due to greater lengths of smaller diameter roots. The root surface 
area of 'Harosoy 63' was almost twice, and the root length about 1.5 times, 
that of 'Aoda'. The extent of the difference in surface area distribution 
between the two root systems increased with depth of sampling and also with 
lateral distance from the centre of the rooting zone. 
2.2 Neighbour effects. 
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In communities of plants, whether pure stands or comprised of a 
mixture of genotypes, neighbour effects are not only of a spatial nature 
but the specific identity of each neighbour also influences the performance 
of the reference individual. Although observations from different 
experiments have produced conflicting results, root systems of closely 
adjacent plants usually interpenetrate freely. Bohm (1977). for example, 
observed that roots of individual soybean (Glycine max cv. Wayne) plants 
in a field crop shared the same volume of soil and, although many ultimately 
turned downward, this change in direction seldom occured before the 
interpenetration of root systems of adjacent plants. In contrast, Raper 
and Barber (1970) showed that - the lateral roots of the soybeans 'Aoda' and 
'Harosoy 63' grew horizontally into the inter-row spaces and turned 
downward immediately upon contacting roots from plants in adjacent rows. 
This difference could occur where the roots of one plant extracted enough 
water and nutrients to make the soil volume less satisfactory for the 
growth of roots from adjacent plants. If root competition is caused only 
by the overlapping of depletion zones around adjacent, actively absorbing 
roots of different individuals (Bray 1954; Nye 1966), then the effects of 
the spatial pattern of root development on competition, should be due 
entire ly to the effects of nutrient or water depletion. However, there 
is an increasing tendency to explain interactions between plants as being 
due to a direct allelopathic antagonism between· the roots of different 
species (Rice 1968; Rovira 1969: Whittaker 1970: Whittaker and Feeny 1971; 
Rice 1974). These phytotoxic effects arise from chemical substances 
released as root exudates, plant leachates, and/or biproducts of the 
decomposition of litter and dead roots. The role of these phytotoxins in 
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the growth and development of associated plants has been widely discussed, 
but Harper (1977) concluded that there are few examples where allelopathy 
has been rigorously proven, or clearly established, as being ecologically 
relevant. 
Plant density and the identity of neighbouring plants varies not 
only from place to place, but also at different times of the year, in 
many plant communities. Both density and the identity of neighbours may 
influence root distribution, although the confounded effects of altered 
water and nutrient supply are often difficult to separate. Bohm (1977) 
obtained greater maximum rooting depth in 'Wayne' soybeans sown in widely 
spaced rows, compared with sewings of the same overall plant density 
having approximately equal plant spacings between and within rows. Ellern, 
Harper and Sagar (1970) grew monocultures of Avena fatua and Avena 
strigosa, and a 1:1 mixture of the two species, at the same overall 
density. In the mixture, the two species were sown in staggered, alternate 
rows . Unfortunately no indication of soil nutrient status or water supply 
was given. Although there were substantial differences between the species 
in root weights, the pattern of distribution of roots of each species was 
essentially the same for plants grown in monoculture and mixture. However, 
the weight of root produced was strongly influenced by the identity of the 
neighbour, with the most severe reduction occuring in A. strigosa in 
mixture. The effect is summarized in Table 2.1. Fitter (1976) concluded 
from root competition experiments that both the root weight and root length 
of Loliwn perenne were concomitantly reduced by competition from a single 
plant of Plantago lanceolata ; root fineness was therefore unaltered. This 
suggests that the decline in root weights of A. strigosa in mixture with 
A. fatua, observed by Ellern, Harper and Sagar (1970), may have been due 
to a reduction in root length, and not merely due to finer root growth. 
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Table 2:1 Ratio of the weight of roots produced by Avena fatua 
and A. strigosa, at four soil depths, when harvested 
32 days and 52 days after sowing. (Derived 
from Ellern, Harper and Sagar 1970.) 
Days Depth A. fatua A. strigosa 
after 
sowing ( cm) monoculture 1: 1 mixture 
32 0-10 0.79 1. 78 
10-20 0. 77 1. 99 
20-30 1.16 3.15 
30-40 1. 92 4.65 
52 0-10 0.80 1. OS 
10-20 0.69 1. 35 
20-30 1.03 1. 27 
30-40 1. 67 2.37 
Interactions between competing root systems depend on plant density. 
Remison (1978) estimated root competitive ability of DactyZis gZomerata, 
HoZcus ianatus and Anthoxanthum odoratum as their aggresivity (McGilchrist 
and Trenbath 1971) in monocultures and binary mixtures. Partitions were 
used to s~parate the aerial environment of each of the species. H. ianatus 
had the highest root competitive ability at low plant density, due to its 
ability to explore the soil more rapidly than other species. The roots of 
A. odoratum grew slowly at first and this species was the most competitive 
at medium density. D. gZomerata, which had both slow initial root growth 
and poor tillering ability, was most competitive at high plant density. 
This study highlights the complexity of the effect of density on 
competition between species. In the field, there is increased root 
competition between species with increasing plant dens ity, as well as 
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increased shoot competition. An increasi in shoot competition may 
further affect root competitive ability, since shading restricts root 
growth more than shoot growth (Brouwer 1966). 
3. INTERACTIONS BETWEEN SOIL WATER , NUTRIENTS AND ROOT GROWTH 
Expression of the genetic control of variation in rooting 
characteristics is often considerably modified by physical and chemical 
properties of the soil environment, which act therefore as a further 
restraint on the potential of roots to utilize underground resources. 
The effects of temperature, soil strength and structure have been the 
subject of many recent reviews (e.g. Barley and Greacen 1967; Cooper 
1973; Nielson 1974; Taylor 1974; Cannell 1977; Greacen 1977; Sutcliffe 
1977). The role of the soil atmosphere, including changes due to flooding, 
has also been discussed (Stolzy 1974; Cannell 1977), so that our attention 
in this section is directed primarily to the effect of water and nutrients 
on root growth. 
3.1 Soil water supply. 
A major influence on the variation in the distribution of roots in 
field soils, particulary in regard to the depth they attain, is the. effect 
of water potential gradients in the soil profile. Total soil water 
potential in most soils is dominated by .the contribution from the matric 
component (Slatyer 1967), so that changes in soil water potentials during 
a drying cycle are strongly influenced by textural and structural 
characteristics of the soil. These factors alone influence the growth of 
the aphyllous desert tree, Leptadenia pyrotechnica (Batanouny and Wahab 
1973). The root system of a small Leptadenia penetrated to a depth of 
11.S m with a lateral extension of 10 m; root numbers and root branching 
were greatest in wet strata of the soil profile. 
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The association between root growth and the location of soil water 
in the profile has been studied in the field in many agricultural crops. 
Root growth and the depth of penetration of Sorghwn bicolor, for example, 
is influenced by irrigation (Kaigama, Teare, Stone and Powers 1977). The 
-2 
root dry weight dm of soil surface reached maximum values of 15.7 and 
11.3 gin irrigated and non-irrigated sorghum, respectively; the 
irrigated crop produced a greater proportion of its total root dry weight 
in the top 15 cm of soil, whereas the non-irrigated sorghum produced a 
greater proportion in the lower part of the profile. The depth of 
penetration, however,was approximately 10 cm greater in the irrigated 
crops, which is similar to responses reported for wheat (e.g. Hurd 1968; 
Bhatia, Chaudhary and Virmani 1977). There are few comparable data 
avai lable from multi-specific communities, but in a low and erratic 
rainfall area of a Colorado prairie, roots of blue gramma (Bouteloua 
gracilis)- buffalo grass (Buchloe dactyloides) community rarely penetrate 
below 80 cm, and most of the root mass is found in the upper 10 cm of the 
soil profile. Both features have been attributed to an adapt~tion by 
these species to make most efficient use of frequent light and shallow 
penetrating rain showers (Bartos and Sims 1974). 
The effect of soil water depletion on root growth in different strata 
of a soil profile was shown by withholding water for 25 days from Gossypiwn 
hirsutwn grown ind rhizotron (Klepper, Taylor, Huck and Fiscus 1973). 
At the beginning of the drying cycle, water potential throughout the 
rooting depth was approximately -0.01 MPa and the density of roots 
declined from the surface to a maximum depth of 180 cm. Water was 
Withdrawn rapidly from the surface soil (Figure 2 .1 ) and after 25 days 
root density at 180 cm exceeded that in the surface -layers (Figure 2.2). 
Death by desiccation caused an absolute decline in root density near the 
soil surface while roots proliferated in the deeper layers where soil water 
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.DAYS 
5 9 13 17 21 
Changes in soil water potential at five depths in a soil 
profile due to water extraction by cotton (Gossypiwn 
hirsutwn) plants during the 23 days after the cessation 
of watering. (Numbers are soil depths in cm. Root 
distribution of plants is shown in Figure 2.2.) (Klepper 
Taylor, Huck and Fiscus 1973.) 
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ROOT DENSITY (cm ~m-3 soil) 
0 .60 1.20 1.80 2 .40 3.00 
Effect of decreasing soil water potential, especially 
in the upper soil, on root distribution in cotton 
(Gossypium hirsut um) (a) 4 days and (b) 2S days after 
the watering ceased. (Soil water potentials during 
the drying cycle are shown in Figure 2.lJ 
on Klepper , Taylor and Fiscus 1973.) 
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potential changed little until late in the experiment. Newman (1966) 
showed that a reduction in root growth in Linwn usitatissimwn first 
occurred. at water potential below -0.5 MPa, but roots continued to grow 
slowly in a soil with a uniform water potential below -2.0 MPa. 
Experiments with Zea mays and Lycopersicon esculentwn have also shown 
that if part of the root system is well supplied with water, some root 
growth can still occur in soil where water potential is less than 
-4.0 MPa (Portas and Taylor 1976). 
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The extreme proliferation of deep roots in the rhizotron study 
(Klepper, Taylor, Huck and Fiscus 1973) may have been accentuated by the 
low hydraulic conductivity of the soil at water potentials drier than 
-0.1 MPa. With the initial pattern of root distribution shown in 
Figure 2.2, steep gradients in .water potential de~elop in soils with low 
conductivity, and as water uptake from the dry surface layers declines, 
roots proliferate in deeper wet soil. Thus, roots in different strata of 
the soil profile appear to respond to the soil water potential in their 
own locality and are not appreciably influenced by the water potential at 
other parts of the root system (Newman 1966). Studies by Lawlor (1973), 
Taylor and Klepper (1974) and Portas and Taylor (1976) support this 
conclusion. Although water is taken up preferentially from soil layers 
where water potential is high, some continues to be withdrawn from layers 
of lower potential (Kohl and Kolar 1976) and limited root growth may also 
continue in these dry layers (Newman 1966; Portas and Taylor 1976). 
3.2 Nutrient supply. 
The growth and distribution of roots not only influences, but . is 
influenced by, the uptake of nutrients. In addition, responses vary 
according to the type of nutrient and its supply. 
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3. 2 .1 , Effect of Limiting the t otal quantity of nutr ient s absorbed. 
Variations in the total quantity of nutrients absorbed by plants can 
markedly change both their root and shoot morphology. The effect on root 
growth appears to be a varietal characteristic, as has been well 
illustrated by Hackett (1968), who studied closely related cultivars of 
Hordeum vuZgare , and by Gulmon and Turner (1978), who used genotypes of 
Lycopersicon escuZentum. Three tomato genotypes were grown by Gulmon 
and Turner in an alluvial silt loam at high or low levels of a complete 
nutrient solution. After 28 to 31 days, there were contrasting responses 
in the numbers of secondary and major tertiary roots. With the addition 
of nutrients, the number of roots of both classes was unchanged in 
' VF-1908', but in 'Paste 56' the number of secondary roots declined 
wi thout change in the number 0£ tertiaries, and in 'VF-10' there tended 
t o be more tertiaries without change in the number of secondary roots. 
Hackett (1968) showed that the total weight of both roots and shoots 
of 28-day-old barley plants was reduced by phospate and potassium 
deficiencies to almost half that of plants which received a complete 
nutrient supply. One of the most striking effects was in the change in 
t he number of root laterals. The number of first order laterals was 
unaffected by a deficiency of phosphate; a restrict ed supply of potassium 
reduced first order laterals and compl etely inhibited second order 
development. Severe reduction in root growth due to potassium deficiency 
i s corroborated by Tennant (1976) using Triticum aestivwn cv. Gamenya 
gr own in sand culture. However, Tennant's results, some of which are 
summarized in Table 2.2., show that a deficiency of nitrogen or phosphorus 
may have different effects on the seminal and nodal root systems. Whereas 
the number of seminal root axes was unaffected by nitrogen or phosphorus 
deficiency, there was a more than five-fold increase in the number of 
nodal axes between the most deficient treatments and the standard nutrient 
( 
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treatment. Root length responses were similar to those shown for root 
numbers, and included the inhibition of root growth by potassium 
deficiency; root lengths also increased as the level of phosphorus and 
potassium increased to standard applications, the nodal roots responded 
more than the seminal roots, and the higher order laterals responded 
more than the lower order laterals. 
Table 2. 2 Seminal and nodal root numbers at 23 and 30 days 
respectively; in wheat (T. aest ivum cv. Gamenya) 
plants supplied with nil, half, full or twice the standard 
-1 -1 levels of 244 mg N litre and 31 mg P litre Values 
within columns not having the same subscript differ 
significantly (P < 0. 05). . (Based on Tennant 1976). 
Nutrient Seminal root 'numbers after 23 days Nodal root numbers after 30 days 
level Axes First- Second- Axes First- Second-
order order order order 
laterals lat erals laterals laterals 
Nil N 5.25a 390b 175b 2.SOc le 
~N 5.25a 539a 629a 14.2Sab 270ab 34ac 
Std.N S.OOa 562a 728a 17.25a 407a 80a 
2N S.OOa 585a 724a 11. 25b 252b 4b 
NilP 5.25a 423ab 86c 2.SOc 9d 
~p 5.25a 594a 837a 11. OOb 246b 17c 
Std.P S.OOa 562a 728a 17.25a 407a 80a 
2P S.OOa 535a 303b 12.75b 31Sab 48ac 
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3.2.2 Effect of a localised supply of a macronutrient . In field 
soils , the distribution of nutrients in the root zone is seldom uniform. 
Cycling of nutrients through the plant-litter-soil system tends to 
concentrate nutrients in the surface soil in non-arable ecosystems (e .g. 
Odum 1971) and the application of fertilizers in agricultural systems 
als o increases the supply of nutrients in the surface soil, relative to 
deeper sections of the profile. These variations in nutrient 
concentration can modify root growth of plants in ways which are different 
to those discussed in the previous section. 
It is well recognised that roots growing in soil proliferate in zones 
of more favourable nutrient supply. This effect has been demonstrated in 
leguminous and ·gramineous crops (e.g. Weaver 1926; Cooke 1954;· Hackett 
1972; Drew 1975; Drew and Saker -1975; Alston 1976) in agricultural pasture 
plants (e .g. Simpson and Lipsett 1973; Fitter 1976) and in perennial 
woody species (e.g . Phillipson and Coutts, 1977). However, the response 
is often determined by the type of nutrient supplied. Localised 
concentrations of either nitrogen or phosphorus in an otherwise low 
nutrient medium can induce proliferation of the roots of Hordewn vulgare 
in the region of the nutrient supply, without affecting the remainder of 
the root system (Drew and Saker 1975); in contrast, local enrichments with 
potass ium can affect the whole root system equally (Drew 1975; Philipson 
and Coutts 1977). Combinations of nutrients supplied in localised. areas 
often induces more prolific root growth than the individual nutrients 
a lone. The effect of nitrogen and phosphorus placed at a depth of 25 cm, 
and their interaction, on root growth of wheat in the region of application 
(Figure 2.3) i s one example. Simpson and Lipsett (1973) showed that the 
Weight of fine roots (diameter < 1 mm) produced by lucerne in a deep section 
of an acid soil profile under surface drought, was not influenced by the 
addition of either monocalcium phosphate or borax plus lime alone, but when 
( 
0 
0-
-
20-
E 
u 40-
-
.c 
.... 60-C. 
a., 
O 80-
100-
Figure 2.3 
18 
Root density (cm cm-3) 
5 10 0 5 10 0 5 10 0 5 10 
I . 
LSD 
NP p N P = 0·05 
(424m) (360 m) (379 m) (55 m) 
Effect of placing 90 mg N as ammonium sulphate, 75 mg Pas 
monocalcium phosphate and both fertilizers together, at a 
depth of 25 cm on root distribution of wheat (T . aestivwn 
cv. Gabo) sown on 7 July and harvested on 17 November. 
Total root length per pot is given in parenthesis. (Based 
on Alston 1976.) 
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applied together the fertilizers stimulated fine root growth more than 
ten-fold. 
Localised root proliferation in barley, as a result of placement 
of either nitrogen or phosphorus, has been shown to be accompanied by a 
greater rate of nitrogen and phosphorus uptake per unit weight of roots 
in the enriched zone. This increase has largely compensated for 
deficiencies in the supply of the nutrient to the remainder of the root 
system with the result that, after an initial delay, the relative growth 
rates of the plant shoots, and the concentration of nitrogen and phosphorus 
in them, was similar to control plants in which the whole root system had 
access to a uniformly high concentration of the nutrient (Drew and Saker 
1975, 1978a). 
Many other nutrients are required for root growth, but only calcium 
will be considered, mainly because its pattern of uptake and its effect 
on root growth contrasts with the effect of nitrogen, phosphorus and 
potassium . An inadaquate supply of calcium at the root meristem reduces 
the growth of root tips, root laterals and root hairs (Jackson 1967), so 
that roots grown without calcium quickly develop a swollen, stubby, 
spatulate appearance (Foy 1974a). Both mono- and dicotyledonous plants 
appear to be able to absorb phosphorus and potassium throughout their root 
system, even in regions where suberin lamellae have been laid down on the 
endodermis, and where secondary cambial activity has . commenced (see reviews 
by Russell and Clarkson 1976; Robards and Jackson 1976), but the uptake of 
calcium is restricted to relatively yow1g roots (Clarkson and Sanderson 
1971; Robards, Jackson, Clarkson and Sanderson 1973). This difference may 
be explained on the basis that radial movement of potassium and phosphorus 
across the root cortex is symplasmic and probably takes place via 
Plasmodesmata, whereas calcium moves largely in the apoplast and once the 
suberin lamella has separated the outer free space from the endodermal 
20 
symplasm, its translocation virtually ceases (Russell and Clarkson 1976.; 
Robards and Jackson 1976). Calcium in plants is largely immobilised in 
the shoot, and because it is only very slowly translocated through the 
phloem to the root tips (Haynes and Robbins 1948; Wiebe and Kramer 1954; 
Rios and Pearson 1964), it must also be present in soil near the growing 
root apex to support further growth. Therefore, localised supply of Ca, 
as for example in shallow strata of the soil profile, restricts the depth 
of root penetration and reduces the reserves of water and nutrients 
available to the plant. 
3.3 Toxia elements in soil. 
The toxic effects of heavy metals, aluminium, manganese, boron, 
ammonium-nitrogen and saline soil conditions on plant growth have been 
recently reviewed (Bennett 1974; Foy 1974b; Wright 1976). The effect of 
these factors on root growth appears to vary widely, with large differences 
between and within·species. For example, wheat and barley varieties show 
differential aluminium tolerance in acid soils (Foy, Armiger, Briggle and 
Reid 1965) while tea is most successful on acid, tropical highland soils 
having high levels of exchangeable aluminium (Dudal 1976). Aluminium in 
strongly acid subsoils reduces root penetration in susceptible plants and, 
by reducing the soil-root volume, increases the probability of more severe 
injury during periods of water stress. This may have long-term 
ecophysiological and economic consequences for agricultural productivity 
where susceptible genotypes of plants are introduced to localities with 
acid subsoil problems. The effects of aluminium toxicity on plant growth 
are further increased by its association with reduced uptake of calcium, 
phosphorus and micronutrients (Foy 1974b). 
TI1e problem of aluminium toxicity is also being intensified by the 
heavy use of acid-forming nitrogen fertilizers (e.g. Pierre, Webb and 
Shrader 1971) and by non-nitrogenous fertilizers that displace exchangeable 
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aluminium into the soil solution, and lower soil pH even further (Baker 
1976) . 
4. INFLUENCE OF ROOT GROWTH ON PLANT-WATER RELATIONSHIPS 
Water uptake by plants is a dynamic process (see reviews by Gardner 
1965, 1968; Newman 1974; Caldwell 1976) which depends on (i) properties 
of the soil which determine the flow of water to the roots, (e.g. Hillel 
1971); (ii) properties of the roots such as their pattern of distribution, 
their ability to extend, the water potential which they can achieve and 
their capacity for water absorption; (iii) properties of the plant tops 
which interact with meteorological conditions to determine the needs of 
t he plant for water and, thus, control water potential gradients within 
the soil-plant-atmosphere continuum. 
In most environments, the supply of resources for plant growth is 
limited. As competition for these limited resources intensifies, species 
with enough of their resources unshared and ~pecies with a competitive 
advantage will dominate. Whittaker (1969) suggested that niche 
partitioning in plant communities is likely to be influenced by the 
dis tribution of pl ants in time and space. Differential patterns of 
root growth of species in time and space are an important means of 
partitioning soil resources. In this section we consider some 
ecophysiological implications which arise from partitioning the soil water 
resource. 
4. 1 Rate of r oot growt h. 
Rapid vertical extension of the root axes of a young seedling confers 
on it a competitive advantage for soil moisture over a slower growing 
species and, in the absence of the replenishment of soil moisture, also 
improves its chances of surviving the onset of drought. Harris (1967) 
attributed the rate of root growth of Bromus tec t orum at low temperatures 
to its successful domination of large areas of disturbed, semiarid 
ecosystems in the U.S.A., which had previously been dominated by 
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Agropyron spicatum (e.g. Hanson and Stoddart 1940; Young 1943; Stewart 
and Hull 1949). Competition from B. tectoY'Uln reduced the rate of 
elongation of seedling roots of A. spicatum by exhausting soil moisture 
ahead of the Agropyron root apices. An experiment in large boxes ·showed 
that the mean length of rootsof A. spicatum in monoculture was 64.4 cm, 
whereas with progressive increases in the proportion of B. tectoY'Uln plants 
from 0.2, to 0.5 and to 0.8, the respective root lengths of A. spicatwn, 
as a fraction of the monoculture length, declined to 0.85, 0.73 and 0.65. 
In monoculture, the roots of A. spicatwn were located in soil with a water 
potential greater than -0.1 MPa, but in mixtures with B. tectoY'Uln only the 
tips of a few of its roots were found in soil wetter than -1.5 MPa. 1bus, 
in mixture, most of the roots of A. spicatum were in soil drier than 
-1 .5 MPa, and up to half the total length of roots of B. tectorwn were in 
soil with a water potential higher than -1.5 MPa. One estimate of leaf 
water potentials was made in a seperate experiment (Harris and Wilson 1970): 
in mixtures of the two species, leaf water potential averaged -6.2 MPa in 
the oldest surviving leaves of A. spicatum and -1.8 MPa in equivalent 
leaves of B. tectorum . Under field conditions, B. tectorwn gained a 
competitive advantage through its rapid root elongation and use of soil 
water during the cool winter months. Early root growth in A. spicatwn is 
inhibited by the dry soil, leaving its root apices in soil with low water 
potential at the onset of swnmer drought. 
4.2 Depth of root proliferation. 
In wet soils and in very dry soils, water potentials may tend to 
approach a uniform value throughout the root zone . However, during a 
drying cycle, water in the shallow strata of the profile is depleted 
preferentially, and increasing proportions of the water taken up by the 
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plant come from increasingly greater depths in later stages of the drying 
cycle (e.g. Willatt and Taylor . 1978). The ability of root axes to extend 
so that they maintain continuing contact with relatively moist soil under 
conditions of surface soil drought, is therefore an important characteristic 
of root systems which enables plants to survive droughts. 
Long and French (1967) compared the pattern of water withdrawal from 
soil in a dry summer period by first-year monocultures of Festuaa pratensis 
(fescue) and Phlewn pratense (timothy). Fescue, a relatively deep rooted 
grass, and the more shallow-rooted timothy showed strikingly different 
patterns of water removal from the soil (Figure 2.4). Whereas timothy 
absorbed more water from soil above 45 cm than fescue, the deeper-rooted 
fescue absorbed considerably more water from below 45 cm than timothy and 
als o 11 per cent more in the to~al quantity of water. Although fescue 
produced almost twice the shoot dry weight of timothy, and could therefore 
have been expected to use more water, the results suggest that water 
shortage limited the shoot growth of timothy, but not that of fescue. The 
patterns of soil moisture depletion with time showed that both species 
removed similar amounts of water during the first month, irrespective of 
the depth of root penetration, and that this water was supplied mainly from 
the upper part of the soil profile. However, during the second month the 
deeper-rooting fescue used water mainly from the lower part of the profile, 
which was not available to the shallow-rooting timothy (Figure 2.5). 
In natural grassland communities, rooting depths of the component 
species often differ (e.g. Weaver and Darland 1949; Coupland and Johnson 
1965) and, during periods of water stress, the shallow rooting component 
uses other adaptive mechanisms to safeguard its survival. For example, 
the coexistence of Setaria faberii, Abutilon theophrasti and Polygonwn 
pensylvaniawn in a one-year successional field, depends not only on their 
exploitation of different soil strata and, consequently, different moisture 
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Figure 2.4 Water extracted from different soil depths 
during three dry summer months by meadow 
fescue (Festuaa pratensis) (0--0) and 
timothy (Phlewn pratense) (•-•). (Based 
on Long and French 1967). 
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Soil moisture profiles under meadow fescue (Festuca pratensis) and timothy (Ph lewn pratense) 
measured on 22 June (o), 20 July (6), 7 August (o) and 28 September (e). Total soil water 
deficit (mm) is shown at each sampling date. (Based on Long and French 1967.) 
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resources, but on physiological adaptations of the shoot to water 
deficits (Wieland and Bazzaz 1975). The fibrous root system of 
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S. faberii is mostly confined to the upper 25 cm of soil so that, except 
during the early part of the growing season, it is subject to relatively 
low moisture supply. The sparsely branched taproot of A. theophrasti 
penetrates more deeply than the roots of S. faberii, so that it exploits 
i ntermediate zones of soil moisture, and generally has more water available 
to it in the latter part of the growing season. P. pensylvanicum roots are 
moderately branched in the upper strata of the soil, but proliferate mostly 
below the rooting zone of the other two species, thus maximising the 
opportunity for a continuous supply of water throughout the season. 
Apparently as a consequence of these differences in rooting habits, minimum 
leaf water potentials on clear summer days were below -1.8 MPa in 
S. faberii , -1.2 MPa in A. theophrasti and an unusually high potential of 
-0 .3 MPa in P. pensylvanic71"1 (Figure 2.6). To compensate for the greater 
diurna l water stress and the lower moisture supply, S. faberii showed rapid 
recove ry after stomatal closure (Figure 2.6), due to a low resistance to 
water flow in its roots, rapid recovery of leaf water potential and 
photosynthesis after rain, and high rates of photosynthesis at leaf water 
potentials which curtailed photosynthesis in the other two species. In 
contrast, stomatal resistance in P. pensylvanicwn began to increase at very 
high leaf water potentials, photosynthesis declined at relatively high 
potentials and failed to recover after potentials had declined to -1.9 MPa, 
which suggests that it had adapted to more mesic conditions than either 
S. faberiiorA . theophrasti . These root and shoot adaptations also appear 
to explain the displacement of the centres of shoot growth and reproductive 
response of A. theophrasti and P. pensylvanicum on a controlled aridity 
gradient toward the drier and wetter ranges of the gradient, respectively 
(Pickett and Bazzaz 1976). 
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Figure 2.6 Typical daily pattern of leaf water potential on clear 
hot days in June in (a) Setaria faberii, (b) Abutilon 
theophrasti and (c) Polygonwn pensylvanicwn in a 1-year 
field in central Illinois. (Based on Wieland and Bazzaz 
1975 . ) 
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Extraction of water from the soil by plants usually creates a 
gradient of soil water availability in which successively deeper layers 
are depleted at successively later times. This pattern has been shown 
to influence the rate of root growth in horizons of the soil profile 
(Parrish and Bazzaz 1976). The maximum rate of root growth of 
P. pensylvanicwn for example, in all except the A1 horizon of reconstructed 
soil profiles, occurred at approximately 75 per cent field capacity. 
However, the proportion of new root growth in each horizon was highest in 
the fourth week in the A2 horizon and at later times in succesively deeper 
horizons. The high root growth activity in a deeper, wet B horizon in the 
ninth week, was accompanied by very low root growth in the drier surface 
horizons. Water potentials at which root growth of rangeland plants 
ceases, appears to vary betweeQ species (Majerus 1975). Root growth of 
Bouteloua gracilis ceased in each of four soil depths at soil water 
potentials which ranged from -1.1 to-1.7 MPa; the range across the four 
depths for Agropyron smithii was -0.8 to -1.4 MPa and for Schizachyriwn 
scoparium -0.5 to -1.1 MPa. Although these differences could merely 
reflect variation in root-soil contact in different strata of the profile, 
their magnitude suggests a true genotype effect. 
The effectiveness of deep roots in reducing shoot water deficits 
during droughts may be reduced by a high resistance to the axial flow 
of water in the xylem of long root axes. The main resistance in roots 
to the movement of water is in its radial flow to the xylem, with the 
resistance within the xylem, by comparison, being usually small (Cowan 
and Milthorpe 1968). However, Passioura (1974) has suggested that when 
water is taken up by fine roots mainly from deep subsoil strata, viscous 
resistance to axial water flow in the xylem can be important. Newman 
(1974) cites evidence which points to the same conclusion where herbaceous 
roots extend about one metre or more from the stem base. 
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4.3 Root density 
When water is in ample supply throughout the rooting zone, most 
plants have a far higher root density than is required to supply the needs 
of the shoot, so that up to half the roots may be excised before 
transpiration is reduced (see reviews by Newman 1974; Brouwer 1977). 
However, in dry conditions, steep gradients of water potential in the soil 
profile often mean that only a small part of the root system is absorbing 
water. Under these conditions, water uptake and the ability of the plant 
to survive, will be determined by water potential gradients near each root, 
the density of roots, the effect of suberization on the ability of roots 
to absorb water, and perhaps, the pararhizal movement of water. 
Russell (1977) reviewed evidence for gradients of water potential 
in the vicinity of roots (Gardner 1960, 1965; Cowan 1965; Newman 1969a, 
1969b) and concluded that the quantity of water taken up by plants may be 
c losely related to the amount of root present per unit volume of soil in 
which water is available. Newman (1969a), on the assumption that there 
was no resistance to water flow across the soil-root interface until the 
soil resistance reached 25 per cent of the plant resistance, estimated 
that only modest root lengths were required to minimise the resistance to 
wat er flow across the interface, even in dry soils (Table 2.3). This 
appears to agree with Williams (1974), who found that the large potential 
gradients between the root and the bulk soil, predicted by Gardner (1960) 
and Cowan (1965), are restricted to relatively dry soils with very low 
root densities and high potential water extraction rates. For most root 
densities, water extraction rates, and soil moisture conditions encountered 
in. soil - plant systems, these models predict small differences in water 
potential between the root and bulk soil (Williams 1974). 
Table 2.3 
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Estimated soil water potential at which the resistance of 
the . rhizosphere soil reaches 0.25 of plant resistance when 
varying lengths of root are present in the soil (Newman 
1969a). 
Length of roots in soil 
-2 [cm cm (soil surface)] 
Soil water potential at which resistance 
in rhizospere soil equals 25 per cent of 
plant resistance (Mpa) 
1 
10 
50 
100 
200 
1000 
-0.07 
-0.2 
-0.6 
-1 . 0 
-1.6 
<-4.0 
The influence of root radius on predicted differences in matric 
potential between the root surface and the bulk soil was also small 
(Williams 1976). Root radius had a slightly greater effect on the 
predicted matric potential difference in dry rather than in wet soils, 
and at low rather than high root densities. However, the largest reduction 
in matric potential difference predicted by Williams was only 0.1 MPa, 
and this required a quadrupling of the root radius, a low root density 
of 0.8 cm- 2 in a soil with a matric potential of -1.8 MPa and a water 
3 -3 -1 
extraction rate of 0 . 01 cm cm day . 
The ability of a few deep roots to account for a disproportionately 
large part of total water uptake, through their capacity for exceptionally 
high rates of uptake, has been emphasised in many studies (e.g. Allmaras, 
Nelson and Voorhees 1975; Stone, Teare, Nickell and Mayaki 1976; Gregory, 
McGowan and Biscoe 1978; Willatt and Taylor 1978). Gregory, McGowan and 
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Biscoe found that during a rain-free period in June-July, three per 
cent of the root dry weight of winter wheat (cv. Maris Huntsman) was 
more than 1 m deep and accounted for 10 per cent of the total water 
upt ake. The maximum rate of water uptake below 1 m exceeded 100 ml cm 
-1 -1 
root day , which was more than 10 times the average rate for the whole 
profile at the same time, and four times the highest average rate 
recorded for any part of the growing season. However, where the number 
-2 
of vertical axes is small (e.g. 0.01 cm , Walter and Barley 1974) and 
the atmospheric demand moderate, the pressure gradient required to produce 
the required flow of water through wheat roots would be so large that the 
flow could not be sustained (Passioura 1972). Under these conditions, 
plants have failed to withdraw water efficiently below depths of 75 cm 
(Wa lter and Barley 1974). 
Investigation of water uptake by different parts of ro.ot systems 
have indicated that the young unsuberized zones are the most permeable, 
but absorption can occur throughout the root system, including older 
suberized regions (see review by Caldwell 1976). However, estimates of 
the rate of water uptake along the length of a root, particulary with 
regard to distance from the stem base and with root diameter, vary 
considerably (Newman 1974). Firm conclusions on the quantitative 
contribution of segments of roots of different ages and spatial locations, 
to the overall water economy of the plant cannot, therefore, be made. 
4.4 Overall size of the r oot sys tem. 
The effect of the overall size of the root system on its maximum 
water uptake potential is difficult to assess, because the shoot system 
governs the loss of water and variation in the size of the shoot is usually 
accompanied by a corresponding adjustment in root growth. The reduction in 
total plant growth during water stress is usually, but not always (Gerakis, 
Guerrero and Williams 1975), accompanied by less severe effects on root 
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growth, as indicated by the often observed increase in the ratio of root 
to shoot (Turner and Begg 1978). Stress may, in some cases, enhance root 
growth not only relative to shoot growth, but absolutely. This has been 
observed in maize (Vega 1972; Hsiao and Acevedo 1974), cotton (Malik, 
Dhankar and Turner 1979) and some forage species (Bennett and Doss 1960; 
Doss, Ashley and Bennett 1960). Preferential root growth may be an 
adaptation by the plant to stress, enabling it to explore the soil more 
t horoughly, and at least delay the onset of severe water deficits (Hsiao 
and Acevedo 1974). 
It is widely assumed that a large root system has the potential to 
absorb more water than a small system, but some recent experimental 
f indings suggest that this criteria is not necessarily the most appropriate 
for drought survival in some situations. Troughton (1974) investigated 
the influence of the size of the shoot and root system on the development 
of leaf water deficits in clones of Loliwn perenne. Plants with large 
shoots transpired at a greater rate per plant, so that in a system in which 
t he amount of water was limited, it was used more rapidly and leaf water 
de ficits also developed more rapidly. With constant shoot si ze however, 
plants with a large root syst em a lso used so i l wat er mote r apidly than 
plant s with small root systems; by assuming that the soil-root resistance 
t o water flow was lower in plants with large root systems, Troughton 
concluded that these plants would exhaust a high proportion of the soil 
water before leaf water deficits occurred. Once a deficit occurred, 
however, it would develop rapidly as the , little remaining water was 
withdrawn from the soil. Plants with small root systems tended to show 
lower leaf water potentiQls at an earlier stage, but the rate of decline 
was lower than in leaves of plants with large root systems, which agrees 
with the prediction made by Cowan (1965) from a mathematical model. The 
exact reason for the greater resistance in the small root system is, 
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however, not clear. 
Two types of roots are produced by grasses, the seminal roots and 
t he nodal roots. Seminal roots in wheat may be responsible for a major 
portion of deep soil water extraction (Greacen, Ponsana and Barley 1976), 
whereas nodal root development depends on moisture in the surface soil, 
and is therefore of benefit to the plant only when soil moisture supply 
is favourable. The cross-sectional area of xylem vessels in the 
subcoleoptile internode of Boute l oua gracilis was about 20 per cent of 
the area in large nodal roots (Wilson, Hyder and Briske 1976) which 
severely reduced the rate of flow of water to the shoot, when dry surface 
soi l prevented the formation of nodal roots. Passioura (1972) also 
i ncreased the root resistance in wheat plants (cv. Gabo) by reducing the 
number of seminal axes. When ol)ly a single seminal axis was permitted to 
penetrate the soil, the plants used substantially less watev before 
anthesis due to the large pressure drops in the root xylem. Growth of the 
single seminal root was enhanced to the extent that the dry weights of 
semi nal roots in single and normal rooted plants were the same. The outcome 
of this experiment, in which both types of plants grew entirely on water 
stored in the soil, was a two-fold difference in grain yield in favour of 
the single-rooted plants. Plants used the same quantity of water, 
irrespective of root treatment, but its more conservative use by the s i ngle 
r ooted plants, prior to anthesis, ens ured that sufficient water was 
available to complete grain filling. Similar results have been obtained 
by Meyer and Alston (1978). 
These studies suggest that an increase in the resistance to flow in 
the soil-root system has the advantage of conserving soil water, when its 
supply is strictly limited, without necessarily reducing the total dry 
weight of plant tops or the economic yield of grain. There is an additional 
advafitage of slower water use if, as suggested by Cowan (1965) and 
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Troughton (1974), there is a concomitantly slower rate of development of 
l eaf water deficits. Jones and Rawson (1979) have shown that in leaves 
of sorghum, the regulation of leaf osmotic potential, a factor contributing 
t o the ability of plants to survive short-term droughts, is achieved only 
when plants are stressed slowly and is not observed when low leaf water 
potentials develop rapidly. It should be pointed out that the conservation 
of soil water by one species would not be beneficial to itself in a mixed 
community, where variations between plants resulted in a more rapid 
depletion of soil water by individuals with a larger root or shoot system. 
4 .5 Movement of wat er from deep, wet soi l into t he root zone . 
The importance of the upward movement of water into the root zone must 
be acknowledged as a factor which may increase the effective rooting depth 
of plant s . The magnitude of the - upward flux into the root zone is a 
function of the soil water potential gradient and the hydraulic properties 
of t he soil (Reicosky, Doty and Campbell 1977); its significance for plant 
survival will therefore depend on both the plant root and the soil 
characteristics of the site, and may be of little importance where root 
depth and water flux below the root zone are impeded by impermeable layers 
in the soil profile . In a deep silty clay loam soil, Van Bavel, Brust and 
Stirk (1968) found that when a grain sorghum crop depleted water from the 
principal root zone, the upward flux was as large as 0.4 cm day-lat a 
depth of 170 cm. Reicosky, Doty and Campbell (1977) estimated that the 
upward flux under a crop of non-irrigated millet, grown on a sandy loam 
-1 
soil was 0.11 cm day , or 34 per cent of that water l ost by 
evapotranspiration during a 21-day period without rain. The results 
predicted from models developed by Nimah and Hanks (1973) and Van Bavel 
and Ahmed (1976) show reasonable agreement with these experimental findings. 
-1 In the model of Van Savel and Ahmed, the upward flow was 0. 21 cm day 
or 29 per cent of the total loss to the atmosphere by a sorghum crop during 
a 20-day drought period. We could conclude from these results that the 
upward movement of water would prolong the survival of monocultures with 
r easonably uniform rooting depths, or of deep-rooting plants grown in 
mixtures with others of a shallower rooting habit (e.g. Coupland and Johnson 
1965; Wieland and Bazzaz 1975). I know of no data which show the influence 
of upward water movement on the survival of shallow-rooting plants growing 
with others having deeper rooting habits. However, Stone and Horton (1975) 
have shown that upward fluxes do occur within the root zone of a non-
i rrigated grain sorghum crop, so that under some conditions, the shallow 
rooting component of a mixture may benefit. The upward flux in the sorghum 
crop was greater in deep strata than in shallow strata, and also continued 
f or a longer period in the deep ?trata; in the 15-30 cm zone, the upward 
fl ux declined rapidly to near zero within 12 days, due to a decline in the 
upward hydraulic gradient and a reduction in the hydraulic conductivity of 
the soil with decreasing water content. In the 30-50 cm zone, a flux of 
0.06 cm day-l was maintained for the first 11 days followed by a slow 
-1 dec line to 0.01 cm day at day 23. In the 130-150 cm zone, the flux 
- 1 increased to about 0.17 cm day during the first 11 days and then declined 
-1 to a rate near 0.11 cm day for the remaining 20 days of the study. 
5 . CONCLUDING REMARKS 
More efficient use of below ground resources in plant communities 
inevitably involves consideration of rooting patterns. Studies of rooting 
patterns in mixed communities have been few in comparison to the larger 
number of studies on the efficiency with which soil resources are used for 
shoot growth. However, unless the pure stand rooting pattern of one 
component is changed through its association with another, it is difficult 
to foresee any substantial improvement in the use of soil resources by the 
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mixture, when compared with monocultures of the mixture components. There 
have been very few studies on water use by mixtures and their components 
i n monoculture, but the limited evidence from intercropping experiments, 
reviewed by Willey (1979), suggests that with the possible exception of 
t emporal intercropping, there is little benefit. These, however, are often 
special situations where the intercropped plants are genetically similar to 
each other, and contrasts with the more extreme heterogeneity found in many 
natural ecosystems. In the latter, there is often greater natural selection 
f or the ability of each individual to survive and reproduce, without the 
ameliorating effect that man introduces td agricultural systems. 
The productivity of mixed pastures have been studied by agronomists 
f or many years, but few of the studies have attempted to define the 
mechanisms which enable the components of the mixture to adapt and withstand 
water deficits. The effects of withholding water on pasture yield have 
often been estimated, but without any attempt to measure the water status 
of the plants and processes affected by water deficits, the results of such 
studies are difficult to extrapolate in time .:..and space. The study reported 
i n this thesis is therefore one approach to an integrated study of the 
morphological and physiological responses of a simple mixture of two plant 
genotypes to the supply of soil water and nutrients. 
Chapter 3 
A search for suitable genotypes . I . 
Di fferences in root and shoot growth between 
genot ypes of Lycopersicon esculentum, Triticum 
aestivum, and Hordeum vulgare grown in an acid 
soil, with and without the addition of lime . 
1. INTRODUCTION 
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Evaporation of water in the leaf of transpiring plants is the major 
for ce driving the uptake of water from soil against the gravitational 
potential and frictional resistances in the pathway of water movement 
through plants. Hence, the rate of water uptake is controlled primarily 
by the rate of water loss (Kramer 1956). As soil water deficits develop, 
t he response of the plant is mediated by the ability of the shoot to control 
transpiration, and the capacity of the root system to grow and exploit 
additional zones of wet soil. To evaluate the role of rooting patterns in 
ameliorating the effects of soil drought, it is therefore necessary to 
eliminate the confounding effects which arise when plants differ not only 
i n root characteristics, but also in shoot characteristics. This may be 
achieved by selecting similar plants which have genetic bases for 
di fferences in root growth (e.g. Troughton 1974), or which differ in root 
growth only as a result of their interaction with the soil environment 
(e.g. Foy, Armiger, Briggle and Reid 1965). 
Shoot uniformity has been achieved in studies on the effect of root 
genotype on the water relations of soybean (Glycine ma.x) shoots, by 
grafting a genetically common shoot onto a range of rootstocks (Sullivan 
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and Brun 1975). This approach has two disadvantages; the longitudinal 
flow of water in the xylem, as calculated by the Poiseuille-Hagen equation, 
is strongly influenced by small changes in the radius of each individual 
xylem vessel. Hence, a non-uniform disruption in the size of the vessels 
in the region of the scion-rootstock union could markedly affect the supply 
of water to the shoot, independently of any root genotype effects. 
Secondly, differences in root penetration between rootstocks which arise 
fr om different rates of root growth, may change with time, especially in 
experiments in controlled environments where the depth of soil is often 
severely limited. Therefore, given sufficient time, the slower growing 
genotype may reach the same root depth as a faster growing genotype whose 
root depth was artificially restricted. The differences themselves may 
als o change when the root growth -rate of a slower growing plant, in mixture 
with a more rapidly growing component, is further retarded by depletion of 
soi l resources by the deeper rooting plant (Harris 1967). Such disadvantages 
often preclude studies on the effect of manipulating soil water supply in 
controlled environments, where differences in the depth of root penetration 
change during the course of an experiment. 
An alternative approach is in the use of closely related genotypes in 
which root growth differences occur in response to soil chemical conditions. 
Ranges of root tolerance to acid soil conditions have been described for a 
number of plant genotypes; ecotypes of TrifoLiwn r epens and Anthoxathwn 
odoratwn with differing root growth responses to acid soils have been found 
(Snaydon 1962, 1971; Davies and Snaydon 1973) as well as a wide range of 
tolerance between cultivars of agricultural crops plants including Triticwn 
aestivwn, Hordewn vuLgare, SecaLe cereaLe, Zea mays, Oryza sativa, Medicago 
sativa, and Beta vuLgaris. Adams and Pearson (1967), Jackson (1967) and 
Foy (1974a,b) have compiled more complete lists of differences between 
cultivars. The aim of the present study was to select two genotypes with 
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extreme root growth responses to acid soil conditions, but with similar 
agronomic and physiological shoot characteristics, for subsequent water 
relations studies. The four experiments which are discussed in this 
Chapter, emphasise the variations in root growth between genotypes of 
Lyaopersiaon esaulentwn (Experiments 1 and 2) and Tritiawn aestivwn and 
Hordewn vulgare (Experiments 3 and 4). Wide differences in root growth 
between the tomato genotypes were known to occur in other soils (Zobel 
1975) but the growth of the winter cereal genotypes had not, with one 
exception, been studied in acid soils. 
2. EXPERIMENT 1 
2.1 Materials and Methods . 
2 .1.1 Soil . The soil used in all experiments described in this 
thesis were part of a podzolic profile under a native pasture on the 
eas tern catchment of Corin Dam in the Australian Capital Territory. It 
is unlikely that the area had ever been artificially fertilized. The dark 
brown sandy loam surface soil, which had large amounts of fibrous . organic 
matter, was collected to a depth of 10 cm, and a yellow, acid granitic 
subsoil was collected from depths between 45 cm and 75 cm. The pH of the 
soils, as measured in a 1:5 suspension in distilled water, was 5.9 and 5.1, 
' 
respectively. A mechanical analysis of the subsoil is shown in Table 3.1; 
methods used in this analysis were as described by Piper (1950). Fresh 
collections of soil were made for each experiment, partially air dried, 
and either screened through a 4 mm mesh or hammer-milled before use. 
Table 3.1 
t 
2 .1. 2 
Mechanical analysis of samples of the acid 
soil in Experiment 3.t 
Fraction Limiting diameter % by weight 
(±S. E.) 
Gravel > 2 mm 14.4 (1. 3) 
Coarse sand 2 mm - 0.2 mm 25.4 (0.5) 
Fine sand 0.2 mm - 0.02 mm 27.4 (0.6) 
Silt 0.02 mm - 0.002 mm 2.4 (0. 3) 
Clay < 0.002 mm 30.4 (0.4) 
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The texture of the soil, in terms of its sand, silt and 
cl ay contents may be described as a sandy clay (Marshall 
1947). 
Nut r ients. With the exception of calcium carbonate, nutrients 
were added to the soils as dilute aqueoussolutions. The volume of solution 
required for a weighed quantity of air dried soil was pipetted on to a 
t hin layer of a subsample of the soil on a plastic sheet. The soil was 
t hen sieved to break up moist balls of soil and combined with the remaining 
bulk soil in a revolving bin. Soil from each mix was divided into equal 
portions, one portion from each being combined and again mixed in the 
revolving bin. Finely ground Caco3 was added directly to the bin without 
any pre-mixing, each mix again being subdivided and remixed. The types 
and quantities of basal nutrients are shown in Table 3.2. Lime was a 
subsoil treatment applied at rates shown in Subsection 2.1.4. 
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Table 3.2 Rates of application of basal nutrients to air dried 
soil in Experiments 1, 2, 3 and 4. 
Nutrient Experiment number 
. 1 2 3 4a 4b 
1. Mixed through organic soil (g kg- 1soil)t 
2 . 
3. 
t 
-1 Mixed through acid soil (mg kg soil) 
(NH4) 2so4 
H3Po4 
Na 2HP04 
KH/04 
K2so4 
MgS04 .7H20 
Na 2Mo04 .2H20 
tt Na2B407.10H20 
20.0 
20 . 0 
9·. 0 
0.3 
20.0 
20.0 
9.0 
0.3 
-2 Applied to surface after planting (gm ) 
NH4No3 
Ca(N03) 2 .4H20 
MgS04 .7H20 
CuS04 .5H2o 
ZnC1 2 
KH2Po4 
Na2HP04 
Na 2Mo04 .2H20 
14.3 
15.0 
0.6 
0.6 
6.7 
6.7 
14.3ttt 
15.0 
0 . 6 
0.6 
8.9 
8.9 
0.5 
160.0 
60.0 
174.0 
9.0 
0.3 
5.9 
0.9 
0.9 
1. 5 
160.0 
120.0 
174. 0 
18.0 
0.3 
0.9 
0.5 
0.5 
2.8 
160.0 
120.0 
174.0 
18.0 
0.3 
0.9 
175.7ttt 
0.5 
1. 0 
Nutrients applied in Experiments 1, 2 and 3 exactly as for nutrients 
mixed through the acid soil. 
tt 1 In Experiments 1, 2 and 3, 0.9 mg kg- added only to limed acid soil. 
ttt Applied in split dressings during the course of the experiment . Details 
are given in the text. 
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2.1.3 Root boxes and filling procedure . Deep root boxes constucted 
from 6 mm clear perspex were 13.5 x 5 cm in cross-section and 90 cm deep. 
The boxes were mounted in upright wooden frames holding 10 boxes and 
enclosed by hard-board sheets, painted black on internal and white on 
external surfaces. Each box drained through a 2 cm layer of fine washed 
sand into a movable reservoir connected to the base of the box by a 
flexible tube. 
Successive additions of small amounts of soil to each container were 
tamped with a 7 mm diameter rod to give a uniform soil bulk density of 
-3 
approximately 1.3 g cm A 10 cm layer of the organic soil covered a 79 cm 
deep layer of the .acid soil; the total weight of soil . in each box was equivalent 
to 8 kg oven dried soil. 
2.1 .4 Treatments and experimental design. Nine genotypes of tomato 
(Lycopersicon esculentwn, cv. UC31, VFlO, VF99, VF145, VF198, VF1908, XP14, 
XP 15, and Paste 56), one per box, were grown for 37 days without or with 
-1 1 g CaC03 kg air dried soil mixed uniformly through the acid soil. There 
were three replicates of each cultivar x lime treatment in a randomised 
complete block design, in which each block was split for lime treatment. 
2.1.5 ft1anagement and root measurements . Three pre-germinated seeds 
were sown in each box on 13 November and thinned to a single plant after 
seven days. The boxes were located in a glasshouse in which day/night 
temperatures were maintained at 25°C/2o0 c. Frequent surface watering with 
distilled water replaced water used from the soil profile; at all times the 
boxes drained freely. Nutrients were applied during the experiment as shown 
in Table 3.2. 
One side of each box was removed after 37 days and the depth of 
penetration of the deepest root in the box was measured. 
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2.2 Results 
The depth of root penetration of all genotypes in limed soil ranged 
between 88 cm and the maximum depth of 89 cm. However, in unlimed soil, 
there were large differences between the genotypes, with 'VFlO' and 'XP15' 
having a shallower depth of maximum root penetration than 'UC31', 'Paste 56' 
and 'VF 198' (Figure 3.1). Two genotypes 'XP15' and 'Paste 56', were 
therefore selected for a more intensive study in Experiment 2. 
3. EXPERIMENT 2 
3.1 Materials and methods . 
Similar soils to those described in Experiment 1 were prepared in 
the same manner, and mixed with basal nutrients as shown in Table 3.2. 
Perspex boxes used in Experiment -1 were filled in the same way, except that 
the respective depths of the organic and acid soil layers were 6.5 cm and 
82.5 cm. The total weight of soil in each box was equivalent to 8 kg 
oven dried soil. 
3.1.1 Treatments and experimental design . Two tomato genotypes, 
Pas te 56 and XP15, were grown, one per box, either without or with 
-1 1 g Caco3kg acid soil as in Experiment 1. Five replicates of the four 
cul tivar x lime treatments were harvested 21, 34 and 47 days after planting. 
The factorial experiment was in a completely random design, and for the 
analysis of root data, strata of the soil profile were considered as 
split-plots. 
3.1.2 Management, harvesting and root measurements . Young seedlings, 
which had been grown in sand culture for 20 days, and which had produced 
two ·true leaves, were transplanted on 31 July. The boxes were again located 
in a glasshouse, in which day/night temperatures were maintained at 
2S°C/20°c. The boxes were watered with distilled water and drained freely 
at all times. Nutrients were applied during the experiment as shown in 
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Figure 3.1 Depth of root penetration of nine genotypes of tomato 
(Lycopersicon esculent wn) in an unlimed acid soil in 
Experiment 1. Vertical bars are one S.E. of each mean. 
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Tabl e 3.2; two equal applications of NH4No3 were made 3 days and 10 days 
after sowing. 
At each harvest, the shoots were removed at ground level and dried at 
so0 c. One side of each box was removed and the undisturbed column of soil 
was tipped onto a bench and sectioned. Section 1 comprised soil to a depth 
of 9 cm (i.e. largely organic soil) and there were a further eight 10 cm 
sect ions. The depth of penetration of the deepest root was noted, and the 
roots from each section were recovered by careful washing over a coarse 
sieve . The roots were stored at 2°c until their lengths were measured. A 
pre liminary study had shown that substantial root dry weight losses of up 
to 30 per cent occurred. when tomato roots were washed after storing below 
0°C (Appendix 1). 
A subsample of the clean roots from each section of the root profile 
was cut into short segments and distributed on black filter paper in a 
Buchner funnel for length determination. The length of roots on each paper 
was estimated by Marsh's (1971) modification of the basic intercept method 
described by Newman (1966), using a low power binocular microscope. After 
measurement of their length, the measured subsample and the remaining roots 
were dried oyernight at so0 c in Vitreosil crucibles, weighed, ashed at 600°C 
for 4 hand reweighed, so that the weight of root organic matter (OM) could 
be determined. Root lengths in the sections of each profile were calculated 
from the subsample lengths, using the ratio of the weight of the subsample 
to the whole sample. 
3.2 Results . 
The mean depth of root penetration of 'Paste 56' across all treatments, 
including harvests, was 56.1 cm which was slightly, though significantly 
(P < 0.05) deeper than the mean of 52.3 cm for 'XP15'. This overall effect 
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was mainly due to a deeper penetration of roots of 'Paste 56' in unlimed 
soil where the mean was 37.5 cm, compared to 30.0 cm in 'XP15' (P < 0.05). 
In limed soil, the roots of both cultivars penetrated to a depth of 74.7 cm. 
More importantly, however, root penetration in limed soil was restricted by 
the depth of the soil profile, so that depth differences between lime 
treatments diminished with successive harvests. As the response of both 
cul tivars was similar, the mean depths of penetration in Table 3.3 are for 
the significant (P < 0.01) interaction between lime and harvests. 
Tab le 3.3 
S.E. 
Effect of the interaction between the length of the 
period of growth and lime on the maximum depth of 
root penetration (cm) in Experiment 2. 
Lime Days after planting Mean 
-1 (g kg ) 21 34 47 
0 15.6 31. 1 54.6 33.8 
1 46.2 88.8 89.0 74.7 
of each mean 1.94 1.01 
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Root density (cm cm- 3 soil) did not differ significantly between 
cu ltivars at each of the three harvests. Mean densities differed 
(P < 0.01) between depths at each harvest, and the differences between 
depths were further accentuated by the lime treatment (lime x harvest data 
interaction P < 0.01; Figure 3.2). Only at harvests2 and 3 was the total 
root length in limed soil greater (P < 0.01) than in unlimed soil, and 
thi s was mainly due to consistently larger differences in root density in 
the deeper layers of the soil profiles (Figure 3.2). This suggests that 
the rate of proliferation of tomato roots in unlimed soil was slower than 
in limed soil, but that root growth was not completely inhibited. 
3.3 Conclusions. 
Small differences in root penetration and proliferation were found 
among the tomato genotypes. Howe~er, the differences in penetration 
diminished with time, due to the restriction on the maximum rooting depth 
imposed by the depth of the boxes. Such changes restrict the opportunity 
for designing experiments in which deep soil strata, containing roots of 
one but not both genotypes, are rewetted. As this was one requirement for 
fut ure experiments, the differences in root growth between the tomato 
genotypes were not sufficiently large, and an investigation of the 
diffe rences between winter cereal cultivars corrunenced. 
4. EXPERIMENT 3 
4.1 Materials and methods. 
Soils which were similar to those described for Experiments 1 and 2 
were mixed with nutrients as shown in Table 3.2. Perspex root boxes used 
in the previous experiments were filled in the same manner, except that the 
organic soil layer was 3 cm deep and acid soil layer was 86 cm deep. 
Chemical analyses of soil from Experiment 3 and from Experiment 6, which 
Figure 3.2 Distribution of the roots of tomato (Lycopersicon 
esculentum) in profiles of an unlimed (•-•) and 
limed (•-•) soil in Experiment 2, (a) 21 days, 
(b) 34 days and (c) · 4 7 days after planting. (The 
differences between cultivars were not significant. 
S.E. 's are for each lime x profile depth mean and 
apply only to comparisons within each sampling.) 
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is described in Chapter 5, are given in Table 3.4. Methods used 
for the chemical analyses are outlined in Appendix 2. 
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Table 3.4 Chemical analyses of the acid soil used in Experiments 3 
and 6. (Details of the experiments, including the rates 
of added nutrients, may be found in· Chapters 3 and 5 
respectively.). 
Experiment Lime pH NH4Cl extractable 
number treatment (1:5 in Ca K Na Mg 
water) (meq 100 g- 1) 
3t Unlimed 5 . 0 0.2 0.5 0 . 05 0.4 
Limed (lg CaC03 kg 
-1 5.5 1. 7 0 .3 0 .04 0.5 
soil) 
6tt Unlimed 5.2 0.4 0 . 6 0 . 03 0.6 
· Limed (2g CaC03 kg 
-1 5.8 3 . 6 0.5 0 . 03 0.6 
soil) 
Unlimed soil samples were taken after mixing with all nutrients, 
except Ca; limed soil samples were taken from all treatments at 
the conclusion of the experiment, at the profile depths shown. 
Al 
3.01 
1. 61 
2.5 2 
0 . 06 
Samples taken after all nutrients had been mixed through the soil. 
so 
4.1.1 Treatment s and de sign of the experiment . Three cultivars 
of wheat (Triticwn aestivwn, cv. Colonias, Falcon and Timgalen) and one of 
barley (Hordeum vulgare, cv. Abyssinian) were each grown without or with 
-1 limed mixed uniformly through the acid soil at the rate of 1 g CaC03 kg 
air dried soil. 
'Colonias' was selected for acid soils in Brazil and the other three 
cul tivars were developed at different locations in New South Wales without, 
as far is known, any regard for tolerance of acid soil conditions. There 
were four replicates of the eight cultivar x lime treatments in a randomised 
complete block design. As in Experiment 2, sections of the soil profile 
were considered as split-plots of the design for the analysis of root data. 
4.1.2 Management, haY'Vesting and root measurements. Seeds were 
germinated on wet filter paper in . the dark at 2s 0 c and transplanted, two 
per box, on 23 December. After establishment, the plants were thinned to 
one per box. The boxes were located in a growth cabinet with day/night 
temperatures of 2s 0 c;1s0 c, 13 h daylength and 50 per cent relative humidity. 
- 2 -1 Light int ensity a t the surface of the canopy was 550 µEm s . The boxes 
wer e wat er ed frequently and allowed to drain freely. Nutrients were applied 
afte r planting as shown in Table 3.2. 
After 50 days, thi roots were recovered as described in 3.1.2, except 
that in this experiment, the first section of the soil profile comprised 
on l y the 3 cm layer of organic soil, section 2 the upper 6 cm of acid soil, 
and the remaining eight sections were each 10 cm deep. The roots were 
stored at -1s 0 c until they were cleaned, dried and ashed as described in 
3. 1. 2; unlike the results of the preliminary study on root storage . 
t emperature for tomato roots, dry weight losses of cereal roots, which had 
been stored at -1s 0 c, were negligible (Appendix 1). Root lengths were 
measured only on samples from between depths of 19 and 29 cm. 
4. 2 Results. 
4.2.1 Root growth. The effects of lime on the depth of root 
penetration were more extreme among the cereal cultivars than was 
observed among the tomato g_enotypes. Fifty days after planting, 
the roots of all cereals grown in limed soil had penetrated to the 
maximum depth of 89 cm; in unlimed soil the depth varied widely 
between cultivars, and ranged from 4.5 cm in the barley cultivar to 
89 cm in 'Colonias' (Table 3. 5). 
Tabl e 3. 5 Depth of root penetration of winter cereals grown in 
unlimed soil in Experiment 3. 
Species 
Barley 
Wheat 
Cultivar 
Abyssinian 
Colonias 
Falcon 
Timgalen 
Depth 
(cm) 
4.5 
89.0 
81. 5 
70.8 
S.E. 
0.3 
0.0 
4.3 
2.4 
51 
52 
There were also significant (P < 0.01) differences, between cultivars, 
in the weight of root OM between sections of limed and unlimed profiles. 
Root growth of the wheat cultivar Colonias was totally unaffected by the 
lime treatment, whereas deep root growth of the barley cultivar, Abyssinian, 
was almost completely inhibited in unlimed soil (Figure 3.3a, b). The two 
cult ivars of Australian wheat produced responses which were intermediate 
between these two extremes . (Figure 3.3c, d). 'Timgalen' tended to be 
unaffected by lime, whereas root growth in 'Falcon' was depressed in the 
lower part of the unlimed profiles, producing a root profile which was 
similar to the final harvest of tomato cultivars (Figure 3.2). Both 
'Abyssinian', grown in limed soil, and 'Colon ias ' produced more total root 
weight than the Australian cultivars and this is reflected in higher weights 
in many individual sections of the soil profile (Figure 3.3). 
Root densities of the cereals (cm cm- 3 soil) in the 19-29 cm section 
-1 
of the soil profile, and root fineness (cm mg OM) both differed 
significantly (P< 0.01) between cultivars and between lime treatments. Mean 
-3 
root densities (cm cm soil) in limed and unlimed soil were 4.3 and 2.9 
respectively (S.E. of each mean 0.28); mean values for cultivars were 
- 3 8.9 cm cm for 'Colonias', 2 .4 for 'Falcon', 1.8 for 'Timgalen' and 1.3 
for 'Abyssinian' (S.E. of each mean 0.39). The effect of lime on root 
fineness also varied between cultivars (P < 0.01; Table 3.6), with the 
mean root size in 'Colonias' being largely unchanged by the addition of 
-1 1 g Caco3 kg , and in 'Falcon' and 'Timgalen' being increased by between 
71 and 98 per cent. The high weight of root of 'Abyssin ian ' in the 19-29cm 
section (Figure 3.3b), when compared with other cultivars, was associated 
With their large average diameter (Table 3.6) rather than with a greater 
length. 
Figure 3.3 Distribution of root OM with soil depth in (a), (c), (d) 
three cultivars of. wheat (Trit icwn aestivwn) and (b) one of 
barley (Hordewn vulgare) in unlimed (O~O) and limed (t~t) 
soil in Experiment 3, 50 days after planting. (The S.E. 
is for each cultivar x lime x profile depth mean and may be 
used to compare any two means shown.) 
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Tab le 3.6 
0 
1 
Effect of lime on root fineness (cm mg-l root OM) 
in the section of the soil profile 19-29 cm deep 
in Experiment 3. 
Barley 
Abyssinian 
0.0 
7.6 
Colonias 
18.5 
16.9 
Wheat 
Timgalen 
10. 3 
20.4 
Falcon 
10.4 
17.8 
S.E. of each mean 0.47 
54 
4 .2. 2 Shoot growth and development . Total shoot dry weight (OW) , 
numbe r of tillers, number of green leaves and the area of green leaves 
per plant at the end of Experiment 3 differed (P < 0.01) between cultivars 
and lime treatments. In no case was the interaction between levels of the 
two factors significant. However as one of the major interests in this 
experiment was to compare the effect of lime on the shoot growth of each 
cul ti var, the treatment sum of squares for the cul ti var x lime interaction, 
in each analysis of variance, was partitioned to give orthogonal comparisons 
of lime treatment effects on each cultivar. The results (Table 3.7) showed 
that all cultivars had higher shoot weights in limed treatments. 'Colonias' 
pr oduced more tillers in limed soil than in unlimed soil, but the number 
of green leaves and their area was unaffected. Both 'Timgalen' and 'Falcon' 
Produced a significantly larger green leaf area in limed soil although the 
, 
numbe r of tillers was unchanged. 'Abyssinian' barley plants grown in unlimed 
soil, where the roots were restricted mainly to the organic soil (Figure 3.3b), 
not unexpect edly · showed very large increases in all four shoot variables 
When permitted to explore a larger volume of soil in the limed treatment. 
Table 3. 7 
Vari able 
Shoot dry 
weight (g) 
Number of 
till ers 
Number of 
green leaves 
Green leaf 
area 
2 (cm ) 
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Effect of lime on total shoot dry weight, number of 
tillers, and the number and area of green leaves per 
plant for each cultivar in Experiment 3. 
Lime Barley Wheat 
(g kg-1) Abyssinian Colonias Timgalen Falcon 
0 0.8 5.0 1. 9 2.1 
1 2.1 6 . 8 3.3 5.0 
Difference t ** ** ** ** 
0 16 31 26 17 
1 39 45 31 22 
Difference t ** * n.s. n.s. 
0 16.3 33.5 15.8 11. 5 
1 37.3 39.3 25.8 15.5 
Difference t ** n.s. * n.s. 
0 66.7 254.1 32.6 47.3 
1 215.4 309.3 119 .8 111. 5 
Difference t ** n.s. ** * 
t The effect of lime on each cultivar is an orthogonal comparison 
from the partitioning of the cultivarx lime sum of squares. 
The interaction was not significant (P > 0.05). 
S.E. 
of each 
mean 
0.11 
0.90 
3.3 
21. 2 
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Under the relatively short day and low light conditions operating in 
the growth cabinet during this experiment, the four cultivars showed 
differences in ear emergence dates. At the end of the experiment, 3.8 
heads had emerged, on average, in both 'Timgalen' and 'Falcon', 0.25 in 
'Col on] as' and no heads had emerged in the 'Abyssinian' barley treatments. 
4.3 Conc l usion . 
Differences in root growth between the four cultivars of winter 
cereals were more extreme than observed between the tomato genotypes in 
Experiments 1 and 2. The greatest contrast occurre between 'Colonias' 
and 'Abyssinian', with root growth in the former being largely unaffected by 
the addition of lime to the soil, and the latter being almost completely 
inhibited in the absence of lime. However, because only a single rate of 
l ime addition was us ed in this expe!iment, and also because some variation 
was expected in the soils when fresh collections were made for subsequent 
exper iments, the rate of lime required for maximum root growth in all cultivars, 
and t he rate below which 'Abyssinian' root growth was severely suppressed 
could not be determined. Therefore, in a further experiment (Experiment 4), 
root and shoot growth responses of 'Colonias' and 'Abyssinian' to lime were 
.inves tigated. 
5. EXPERIMENT 4 
5. 1 Mater ials and methods. 
Soils which were similar to those used in the three previous 
' 
experiments, were mixed with nutrients as shown in Table 3.2. Black plastic 
pots , 12 x 10 cm in cross-section and 20 cm deep were filled with acid soil 
and a 5 cm deep layer of organic soil. The soil was tamped as the pots 
-3 Were filled to give a soil bulk density of approximately 1.1 g cm The 
total weight of oven dried soil in each pot was 2.3 kg . The outer surface 
.of each pot was shielded with aluminium foil and the soil surface was covered 
with a 1.5 cm deep layer of white gravel to reduce evaporative losses . 
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5 .1.1 Treatments and experimental design. A preliminary experiment 
(Experiment 4a) was conducted, using only barley (cv. Abyssinian) to 
l ocate the range of root growth response to lime. Barley was grown without, 
or with Caco3 at rates of 0.06, 0.13, 0.25, 0.38, 0.5, 1.0, 1.5, 2.0 and 
3. 0 g kg - l air dried soil. In the main experiment (Experiment 4b) the same 
cul tivar of barley, plus wheat (cv. Colonias), were grown without or 
with the addition of lime to the acid soil at rates of 0.25, 0.5, 1.0, 1.·3 
1.5 , 1.7, 2.0 -1 and 3.0 g kg air dried soil. In both experiments there 
were three replicates of each treatment in a randomised complete block 
des ign. 
5.1.2 Management , harvesting and root measurements . Two pre-germinated 
seeds were sown in each pot on 17 June (Experiment 4a) and on 30 September 
(Experiment 4b). In the first experiment the pots were located in an unheated 
glas shous e with a natural daylength of approximately 10 h. Mean maximum and 
minimum temperatures on the glasshouse bench were 22° ± 0. s0 c and 7° ± 0. s0 c. 
The pots in Experiment 4b were located in a temperature controlled 
1 h · h · / · · of 20°c;10°c. g as s ouse wit maximum minimum temperatures Black plastic 
covers were used to restrict day-length to 8 h for the first 31 days; four 
equal surface applications of Ca(N03) 2.4H2o)wer e made 12, 29, 33 and 35 days 
after sowing (Table 3.2). 
The p0ts in each experiment were watered daily and harvested 54 days 
(4a) and 42 days (4b) after sowing. Only the roots in the acid soil were 
retained in Experiment 4a. The shoots were removed at ground level in 
Experiment 4b, and after the area of fully expanded leaves had been estimated, 
using a Lambda leaf area machine, the tops were dried at 80°C in a forced draught 
oven and weighed. Roots were washed from the acid soil 
and the combined weight of roots of the two plants in each pot was estimated 
in the manner described in 3.1.2. From a linear relationship between lengths 
in subsamples of roots and their OM content, root lengths were predicted from 
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total weights of root OM. Regressions of subsample root lengths on their 
OM content differed between species and between lime treatments so that an 
overall relationship between OM and root length could not be used to predict 
total root lengths. The largest differences occurre in the barley 
-1 treatments where root fineness increased from 0.09 m mg at the two 
-1 -1 lowest rates of lime to 0.18 m mg at rates of 1.0 and 1.3 g kg and 
-1 1 0.30 m mg at rates of lime between 1.5 and 3.0 g kg- These effects 
are discussed more fully in Chapter 7. 
5.2 Results 
. 5.2 .1 Root length. Root length of wheat in the acid soil increased 
slightly with successively higher rates of lime, whereas the root growth 
response of 'Abyssinian' followed a sigmoidal pattern (Figure 3.4). Although 
the absolute response of barley root growth to lime differed .between 
-1 
experiments, at rates of lime less than about 1 g kg , the roots of 
barley were noticeably thickened and sparsely branched but at rates above 
-1 
about 2 g kg , near maximum root lengths appeared to have been reached. 
Possibly the main reason for the difference in the absolute root growth 
response between Experiments 4a and 4b was the large difference in the 
amount of nitrogen applied during the experiment (Table 3.2), although 
the experiments were also conducted using different batches of soil, at 
different times of the year and a~ different temperatures. 
5 . 2.2 Shoot growth . Both total shoot OW and green leaf area per 
pot differed significantly (P < 0.01) between cultivars. Mean shoot OW was 
5.1 g pot-l for 'Abyssinian' and 6.0 pot-l for 'Colonias' (S.E. of each 
2 -1 
mean 0.14). Respective green leaf areas were 1026 and 805 cm pot (S.E. 
of each mean 17.9). 
Green leaf area also differed (P < 0.05) between levels of lime; green 
leaf area of wheat was not affected by lime and that of barley showed little 
si oificant ch~n e. at rates of 1 g Caco3 kg-l and above (Table 3.8). 
Figure 3.4 Effect of lime on root length of (a) wheat (Triticwn 
aestivwn, cv . Colonias) and (b) barley (Hordewn vulgare 
cv. Abyssinian) in an acid soil in Experiment 4a ~~•) 
and 4b ~~~. (Each point is the mean of three 
replicates and the correlation coefficients apply to 
regression analyses of the mean values.) 
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3 
• 
y = 19.68 + 131 .20 (1-e- ·504 " 2 ) 
(r=0.97•• ) 
2 
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Table 3.8 
Species 
0 
t Barley 810 
Wheat 810 
Mean 810 
2 -1 Effect of lime on green leaf area (cm pot ) 
of wheat (cv. Colonias) and barley (cv. Abyssinian) 
in Experiment 4b .. 
Lime (g kg- 1) 
0.25 0.50 1. 0 1. 3 1. 5 1. 7 2.0 
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3.0 
970 970 1090 1030 1130 980 1090 1170 
770 770 830 810 870 770 830 800 
870 870 960 920 1000 880 960 990 
S.E. of 
each 
mean 
53.8 
38.0 
t Interaction between species and lime was not significant (P > 0.05); 
mean values for the simple lime effect differed signicantly 
(P < 0.05). 
6. GENERAL DISCUSSION AND CONCLUSIONS 
To reiterate, the objective of the series of experiments described in 
this Chapter was to identify two cultivars having wide differences in their 
root growth response to acid soil conditjons, but with similar shoot growth. 
Two cultivars of tomato (Lycopersicon esculentwn) , Paste 56 and XP15 showed 
differences in root penetration and proliferation which dimished with time, 
due to an early restriction imposed on the deeper penetrating 'Paste 56' 
genotype by the depth of the root boxes. 
Differences between four cultivars of winter cereals (Triticwn aestivwn~ 
cv. Colonias, Falcon and Timgalen; Hordewn vulgare cv. Abyssinian) were more 
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ext reme. Root proliferation of 'Colon±as ' was largely unaffected by the 
addition of lime to the acid soil; in the absence of lime, root growth of 
'Abyssinian ' was almost completely inhibited but, with Caco3 mixed 
uni formly through the soil at rates of not less than 2 g kg-l soil, 
maximum root growth occur red. in two experiments differing in the rates of 
appl ied nitrogen. The effect of lime on root distribution was more marked 
in these two cultivars, than between any other pair of cultivars. 
The experiments give little indication of the exact nature of the 
fact or(s) inhibiting root growth of barley in unlimed soil. The following 
discussion must therefore be partly speculative. Although absolute Ca 
defi ciency is not generally a primary growth-limiting factor except in very 
sandy , acid soils having low cation exchange capacities (Adams and Pearson 
1967 , Evans and Kamprath 1970 ) , the NH4Cl - extractable Ca level of 0.2 meq 
100 g -l in the acid soil used in these experiments was extremely low. 
Mels tead (1953), Foy, Fleming and Armi ger (1969) and Long anct Foy (1970) 
conc luded that Ca deficiency symptoms are more likely due to Al-Ca or other 
ionic antagonisms, than to a low absolute Ca level in the soil. The 
symptoms of a swollen, stubby and spatulate appearance of root axes, with 
an almost complete suppression of lateral branching, observed when barley 
root s contacted the unlimed acid soil, could apply to a deficiency of Ca, 
with or without an interacting effect with toxic levels of Al (Jackson 1967; 
Fleming and Foy 1968; Clarkson and Sanderson 1969). There were no visual 
symptoms of Ca deficiency or Al toxicity in the shoot. There is also no 
doubt that the intolerance of barley root growth to the acid soil was 
reversed by the addition of 1 g Caco3 kg-l soil. This level raised soil 
PH values, measured in a 1:5 suspension, less than 0.5 units. 
Calcium taken up from the soil is translocated only very slowly through 
the phloem to the root tip (Haynes and Robbins 1948; Wiebe and Kramer 1954; 
Rios and Pearson 1964; Raven 1977); thus it must be present near the meristem for 
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nor mal root growth. Diffusion of Ca down the soil profile is also 
ext remely slow, and hence liming the upper part of the soil profile to 
increase the soil-root volume in barley treatments should result in a 
fini te effect on the depth of penetration of the barley roots and not 
one t hat could change markedly with time. 
Both Ca and Al induced disruptions of normal root growth have 
been linked with changes in the uptake of other nutrients (see Foy 
1974 a,b), although, in the case of Al, it is often not clear whether 
the change in the rate of uptake of a nutrient occurs as a result of the 
direct effect of Al toxicity on cell metabolism or as an indirect passive 
association. However, in the experiments described in this chapter, the 
proportion of the total .root length of barley in limed acid soil or in 
the organic soil, to that in unlimed soil was so large that any disturbance 
of r oot metabolism in the unlimed soil strata would have only a minor effect 
on the overall nutrition of the plant. 
Many of the aspects of shoot growth and phenological development showed 
closer agreement between 'Colonias' and 'Abyssinian' than between any other 
pair of cereal cultivars. To reach this conclusion, it is necessary to 
disre gard the shoot growth of barley grown in the unlimed soil treatment, 
3 
where the effective root-soil volume was less than 300 cm. Nutrient ' supply 
to pl ants grown in such small volumes undoubtedly differed from the limed 
soil treatment in which barley roots exploited the whole volume of soil of 
3 
approximately 6000 cm. Thus, an enhancement of shoot growth could be 
expect ed where the rooting volume of barley plants grown in unlimed soil 
was less severly restricted. In experiments des~ribed in Chapters S and 6 
. of this thesis, the rooting volume was increased by uniformly liming the 
upper part of the acid soil profile. In Experiment 3, 'Abyssinian' grown 
in uniformly limed profile, and 'Colonias', both produced similar numbers 
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of t illers and green leaves and a similar green leaf area 50 days after 
sowing. With higher l evels of applied nitrogen in Experiment 4b, total 
shoot OW at 42 days in ' Abyssinian' (5 . 1 g pot- 1) was closer to that of 
'Colonias' (6 . 0 g pot- 1) than in Experiment 3, where the difference was 
more than threefold (Table 3.7). Ear emergence was later in 'Colonias' 
and 'Abyssinian' than in ' Timgalen' and 'Falcon'. Therefore, on the basis 
of their similarity in shoot growth and phenological development, and 
their extreme difference in root growth respons e to the unlimed soil, 
'Coloni~s ' and 'Abyssinian' were selected for closer study . Further 
aspects of their root and shoot growth in monoculture and some features 
of the ir leaf water relations are discussed in Chapter 4. The effect 
of r ooting pattern and nutrient and water placement on shoot growth and 
leaf wat er relations of the two cultivars grown in 1:1 mixture are 
discussed in Chapters 5 and 6. 
Chapter 4. 
A search for suitable genot ypes. II. 
A comparison of root and shoot growth of wheat 
and barley in monoculture and t heir adapt ation 
t o water stress. 
1. INTRODUCTION 
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Experiments in Chapter 3 of this thesis showed that the patterns of 
root growth of 'Colonias' wheat and 'Abyssinian' barley differed markedly 
in an unlimed acid soil. The growth of wheat roots did not change 
significantly when CaC03 was mixed through the acid soil, at rates up to 
3 g kg-lair dried soil; barley root growth was almost completely inhibited 
in the absence of lime, but increased significantly with successively 
-1 higher rates, and reached an asymptote at approximately 2 g kg soil. 
Differences in the pattern of root growth between the two species 
therefore appeared to provide a suitable basis for studying the effect 
of root distribution on water uptake and plant water status in a community 
of plants comprised of more than one genotype. 
The ability of root systems to exploit larger volumes of soil during 
a drying cycle, and hence maintain the supply of water to the shoot, is 
only one of a number of factors ~hich enable plants to resist drought 
(Begg and Turner 1976). It is necessary to examine some of these factors 
in 'Colonias ' and 'Abyssinian ' to ensure that differences in the response 
to water deficits, which may be attributed to rooting characteristics, 
are not exaggerated or dimini~hed by differences between the two species 
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in other mechanisms of drought resistance. Stomata! aperture, a 
powerful regulator of the transpiration of water and the assimilation 
of carbon by leaves (e . g. Shimshi 1963; Waggoner and Zelitch 1965; 
Turner and Waggoner 1968), is known to respond to radiation, ambient 
humidity, carbon dioxide concentration, leaf water status and leaf 
temperature (see reviews of Meidner and Mansfield 1968; Raschke 1975; 
Hal l, Schulze and Lange 1976) . Irradiance has been shown to change 
stomatal conductance in ways which differ between species (Downes 1970; 
Woods and Turner 1971; Turner 1974; Rawson and Woodward 1976; Turner 
and Heichel 1977), between leaves of different ages (Kri edemann 1971; 
Ludl ow and Wilson 1971; Gee and Federer 1972; Woodward and Rawson 1976; 
Turner and Heichel 1977), and between the upper and lower leaf surfaces 
(Turner 1970; Kass am 1973; Bi scoe, . Cohen and Wallace 19 76). Stomata also 
respond to changes in leaf water status . Stomata! closure, in response to 
water deficits, occurs over a wide range of leaf water potential (f L)' or 
relative water content (RWC), whi ch varies between species and cultivars 
(Hsiao 1973; Begg and Turner 1976), between leaves of different ages (Frank, 
Power and Willis 1973; Jordan, Brown and Thomas 1975), between different 
leaf positions in th e canopy (Turner 1974; Millar and Denmead 1976) and with 
the plant's history of water stres s (e.g. Jordan and Ritchie 1971; Brown 
1974 ; Mccree 1974). It is also cl ear that some plants are able to 
to l erate water stress by lowering their osmotic potential (n) (Goode and 
Higgs 1973; Hs i ao, Acevedo, Fereres and Henderson 1976; Jones and Turner 
1978; Turner and Begg 1978; Jones and Rawson 1979). This adjustment of 
n, in response to declining fL' occurs as a result of a net increase in 
solutes, and not merely as a result of the concentration of solutes within 
the cell, as water is lost during dehydration. 
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The aim of experiments reported in this Chapter was therefore, to 
compare the stomata! responses and mechanisms of adaptation to water 
stress in ' Colonias' wheat and 'Abyssinian' barley shoots. Shoot 
growth, root growth, and stomatal responses to irradiance and leaf water 
deficits were studied in Experiment S. Changes in total water potential, 
osmotic potential and turgor potential (P) of leaves during a drying cycle 
are described in Experiment 7 . 
2. MATERIALS AND METHODS 
2.1 Exper iment 5. 
2 .1.1 Soil , nutr i ent s and pots. Air dried organic soil and an acid 
soi l, similar to those described in Chapter 3, were mixed with basal 
nutr i ents (Tabl e 4.1), using the same methods described in Chapter 3. 
The ac i d soil was then divided into three equal portions, and each was 
limed at one of the three rates: 0.8, 1.5, and 2.2 
dried soil. 
-1 g Caco3 kg air 
Large black p~astic pots, 20 x 24 cm in cross-section and 30 cm deep, 
were lined with plastic to eliminate drainage, and filled with the 
equivalent of 16 kg oven dried acid soil and 2.1 kg oven dried organic soil. 
- 3 The soil was tamped to a bulk density of 1.4 g cm to minimise settling, 
and hence possible roo t damage, during the experiment. The outer surface 
of each pot was shielded with aluminium foil to reduce the heating effect 
of direct sunlight, and evaporation from the soil surface was reduced by 
a 2 cm deep layer of 8 mm mesh white gravel . 
2.1.2 Tr eat ment s and experimenta l design. Wheat (Tri t i cum aes t ivum 
cv. Colon ias ) and barley (Hordeum vulgare cv . Abyssinian) were each grown 
in pots with t he acid soil limed at one of three rates and, either watered 
r egularly throughout the experiment, or not watered during the last 11 days. 
Table 4.1 Rates of application of basal nutrients to air dried 
soil in Experiments 5 and 7. 
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Nutrient Experiment number 
5 
1. Mixed through organic soil -1 (g kg ) 
K2HP04 5.2 
(NH4) 2so 4 
K2so4 
MgS04 .7H20 
2. Mixed through acid soil (mg kg-1) 
(NH4) 2so4 160 
H/04 120 
K2so4 174 
MgS04 . 7H2 0 18 
Na2Mo04 .2H20 0.3 
Na 2B4o7.10H20 0.9 
3. Applied to surface soil after planting (g -2 m ) 
CuS04 .5H20 
t 0.9 
.i. 
ZnC1 2 
I 1. 8 
Ca (N03) 2 .4H20 
tt 39.5 
t Single application, 1 day after planting. 
tt 
Applied in split dressings during the course of the 
experiments. Details are given in text. 
7 
2.5 
0 .11 
0.12 
0. 013 
160 
120 
174 
18 
·o. 3 
0 .9 
0.9 
1. 8 
93.7 
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Two r 'eplicates of the 12 treatments were arranged on two glasshouse 
benches in a randomised complete block design . At intervals of 3 or 4 
days, the pots were rotated, and their position within each block also 
changed. 
2.1.3 Management . Four pre-germinated seeds were sown in each pot 
on 28 September, and thinned to two plants on 3 October. Nutrients were 
applied to the soil surface, as shown in Table 4.1, soon after the plants 
-1 had emerged; each pot received 4.3 gm Ca(N03) 2 .4H2o three days after 
-1 
sowing, and the r emaining 35.2 gm (Table 4.1) in four equal applications, 
14, 31, 35 and 38 days after sowing. The pots were located in a temperature-
controlled glasshouse in which the mean minimum and maximum shade 
temperatures were 10.3±0.3°C (Standard error) and 16.0±0.7°C in October, 
and 9 . 9 ± 0. 3°C and 17. 1 ± 0. s0 c in November. The pots were covered with 
black plastic to restrict daylength and so stimulate tillering of the 
plants during the first 39 days of the experiment. Daylengths were as 
foll ows: 
Days after sowing 
0-32 
33-36 
37-39 
40-51 
Daylength (h) 
8 
9 
10 
12 (natural daylength) 
Wat er content of the pots at field capacity was estimated from two freely 
drained pots, immediately before the experimental pots were sown. The two 
pots, which were filled in the same manner as those us ed in the experim~nt, 
but without the gravel layer covering the soil surface, were watered 
l i berally for three days, covered with a thick layer of wet paper and 
Weighed after 24 h. From the freely drained weight of the pots and the 
Weight of dry soil in each, the water content at field capacity for the 
combination of organic and acid soil used was calculated as 
25.4 ±0 . 8 g lOOg-l oven dried soil. Evapotranspiration during the 
pretreatment period (day Oto day 40), and in the treatment period 
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(day 41 to day 51), was calculated for each pot as the sum of the weight 
of water applied at each watering to rewet the soil profile to field 
capacity: in the case of the droughted treatments, the cumulative weight 
loss during the treatment period was taken as the weight of water used. 
No corrections were made for the increase in plant weight. 
2.1.4 Stomatal r esis tance and leaf water potenti al . Young fully 
expanded green leaves were taped in a horizontal plane for 2 h before 
the ir stomata! resistance was measured using a ventilated diffusion 
porometer (Turner and Parlange 1970) with a Teflon chamber and a self-timing 
meter. The adaxial and abax ial re s istances were measured separately on 
adjacent portions of the leaf, and the leaf resistance was calculated 
assuming that the two surfaces acted as parallel resistors. The natural 
orientation of approximately half of the leaves of both species was such 
the abaxial surface was directly i lluminated, and in the other half, the 
adaxial surface was directly illuminated. In presenting total leaf 
res istance data,a distinction is made between adaxially and abaxially 
illuminated leaves. The incident, photosynthetically active radiation 
(I) , normal to the horizontal l eaf surface, was measured concurrently 
with a Li-Cor model LI-185 quantum flux meter. Measurements were 
commenced 3 h after sunrise on cloudless days, 1 and 8 days after the 
commencement of the drying cycle (41 and 48 days after sowing) . 
Immediat ely after each stomata! resistance measurement was made, the 
l eaf was severed near the ligule with a sharp blade, and its water 
pot ential was measured with a pressure chamber (Scholander, Hammel, 
Hemmingsen and Bradstreet 1964). The chamber , which was modified to take 
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flat wheat and barley leaves (Turner, De Roo and Wright 1971), was lined 
with wet paper towel during the water potential measurements. ~ot more 
than approximately 5 mm of leaf protruded through the split rubber seal 
of the pressure chamber. This precaution was taken to minimise exclusion 
errors arising from absorption of xylem water by leaf cells in the 
protruding section of the leaf (Millar and Hansen 1975). Additional 
measurements of 'L were obtained before dawn (maximum 'L) on days 41, 
44, 47, 48 and 50 after sowing, at 1400 h (minimum 'L) on days 40, 41, 
44 and SO, and after sunset on days 41 and 48. 
2.1 .5 Leaf area~ shoot and root growth . The length and width of all 
ful ly expanded green leaves in each pot were measured 14, 21, 31 and 39 
days after sowing. On each occasion , a sample of leaves of each species 
was removed from the plants and their area determined using a Lambda leaf 
area machine. From a linear relationship between the product of the linear 
dimensions of each leaf and its area, the area of each intact leaf was 
predicted. Details of the regressions are presented in Appendix 3. The 
tops were removed at ground level on day 51, and the area of the green 
leaves was estimated directly. 
The shoot from each pot was dried at 80°C for 24 hand weighed. The 
roots were carefully washed from the organic and acid soil layers, and 
their weights and lengths estimated by the methods described in Chapter 3. 
2 . 2 Experiment ? . 
As this was part of a larger study discussed after Experiment 6 in Chapter 5, 
only brief details of the relevant treatments are mentioned here. Two 
Plants of both 'Colonias' wheat and 'Abyssinian' barley were grown 
2 together in boxes with a cross-sectional area of 360 cm and a depth of 
10S cm. A 93 cm deep layer of the acid soil, described in Chapter 3, was 
-1 
uniformly limed at the rate of 2 g Caco3 kg air dried soil, and fertilized 
as shown in Table 4.1. The acid soil was covered with a S cm layer of 
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fertilized (Table 4.1) organic soil, and a 1 cm layer of white gravel. 
Two boxes of each mixture were well-watered throughout the experiment, 
and in a further two boxes watering ceased 75 days after sowing. 
2.2 .1 Plant growth, leaf sampling and leaf water potential . The 
plants were grown in a temperature-controlled glasshouse in which the 
mean minimum and maximum shade temperatures for the duration of the 
experiment were 7.8 ± 0.3°C and 17.6 ± 0.3°CJ respectively. 
Two days before the final watering of droughted treatments, the last 
ful ly expanded leaf on each of four robust tillers on each plant was 
marked as a reference point for subsequent sampling. After sunset on a 
cloudless day, two leaves from four plants, two from the wet and two from 
the droughted treatments of each species, were s~mpled to determine their 
cell water relations. The leaves ~ere sampled 1 day prior to water being 
withheld from the droughted treatments, and either 10 days after the 
watering treatments were imposed (droughted treatment) or 12 days after 
the treatments were imposed (well-watered treatments). At each sampling, one 
marked leaf and the next oldest leaf on the same tiller were cut near the 
ligule with the leaf submerged in water. The leaves were kept overnight 
in a dark humid chamber at 20°c, with the cut surfaces under water. Before 
dawn on the day following sampling, the water potential of a further 
marked leaf was measured in the pressure chamber. 
2.2.2 Cell water relationships. One leaf of each pair of leaves that 
had been held in the humidifi ed chamber overnight was surface dried between 
sheets of absorbent paper. The leaf was weighed, wrapped in plastic film 
and placed in the pressure chamber in a constant temperature room at 20°C. 
Approximately 15 mm of leaf protruded from the chamber. This whole 
operation was performed in low light. The pressure chamber was lined with 
Wet paper towel during the experiment, in an endeavor to maintain constant 
temperature and humidity during pressurization with dry nitrogen gas 
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(Wenkert, Lemon and Sinclair 1978). The greased surfaces of the split 
rubber seal used to hold the leaf in the chamber were covered with a 
layer of waxed plastic film to keep the inserted leaf clean. 
Techniques used to obtain pressure-volume curves have been recently 
described by Tyree, MacGregor, Petrov and Upenieks (1978). In the 
fol lowing description, the terminology is that used by Tyree et al. 
(op . cit .), and only brief details are given where the method differs 
from thatpublished . The chamber pressure was raised at a rate not 
exceeding 0.2 MPa min-l until sap appeared at the cut surface of the 
leaf, and then in increments of between O. 2 and O. 3 MPa. The sap 
expressed during each pressure increment was collected in weighed glass 
vials containing an absorbent paper pad. The pad was in close contact 
with the cut leaf surface . Sap collection times ranged between 3 and 
15 min depending on the amount of sap expressed, and the pressure applied; 
the longer times were required after the point of zero turgor potential 
had been reached. The approximate point of zero turgor became 
evident as successive data points were plotted during each collection. 
An example of such a plot is shown in Figure 4.1. After the sap had 
been collected at each pressure, the chamber pressure was reduced until 
the flow of sap ceased . The vial was removed, sealed and re-weighed to 
give the weight of sap expressed . Pressure in the chamber was again raised 
s lowly until sap reappeared at the cut surface (balance pressure), and then 
through a further pressure increment. Sap was collected during five or 
six pressure increments after the point of zero turgor had been reached. 
After the final balance pressure had been obtained, the leaf was removed · 
from the chamber, re-weighed and dried at 80°C for 24 h. From the dry 
Weights and fresh weights, estimates were obtained of the loss in weight 
of each leaf in the pressure chamber, and of the total weight of water 
in each leaf. The former estimate was compared with the cumulative 
Figure 4.1 A typical pressure-volume curve for a barley leaf, showing the syrnplasmic and apoplastic 
fractions of total leaf water, osmotic potential at full turgor and at the point of zero 
turgor. The total water content of the leaf was 520.9 mg. That portion of the complete 
curve, shown in the inset, with inverse balance pressure less than 1 MPa in shown in the 
enlargement. 
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weight of sap collected, to give an estimate of the efficiency of the 
collection procedure . The latter was used to calculate the RWC of the 
leaf at each balance pressure . However, the total water content of a 
leaf includes an apoplastic fraction which i s not osmotically active 
(Tyree 1976). The osmotically active symplasmic water content was 
estimated from the pressure-volume curve (Scholander, Hammel, Bradstreet 
and Hemmingsen 1965; Tyree and Hammel 1972; Talbot, Tyree and Dainty 
1975), as the weight of sap expressed at infinite pressure. For the 
example shown in Figure 4.1, the symplasmic water content, predicted 
from the x-axis intercept of the line fitted to the co-ordinates at 
pressures beyond zero turgor, was 494.5 mg. The total weight of water in 
the leaf was 520.9 mg, and the difference, 26.4 mg, was the apoplastic 
water content of the leaf. Relative water content (RWC) in this thesis 
is therefore expressed on an osmotically active water content basis, 
rather than on the basis of total water content. 
From the pressure-volume curves, modified Hofler diagrams (Hofler 
1920) were constructed to compare the changes in osmotic potential, turgor 
potential and total water potential of the leaves of wheat and barley, 
when the cell water content decreased from full saturation to a point 
beyond limiting plasmolysis .. The bulk volumetric elastic modulus (E) 
was estimated from relationships between leaf turgor potential (P) and 
RWC for values of P within the range of approximately 0.3 MPa to 0.6 MPa. 
Following Hellkvist, Richards and Jarvis (1974) and Steudle, Zimmermann 
and Luttge (1977), E can be defined: 
dP 6 p 
( = 6V/V f re dV/V 
where Vis the tissue volume and V f is the tissue volume at a reference 
re 
turgor, in this case . full turgor . As the volume of apoplastic water was 
75 
removed from the calculations, -€ is given by (Hellkvist et a l . , op.cit.) : 
6 p 100 
£ X 
6 RWC 
The second leaf from each pair was surface dried and quickly frozen 
in a rubber-stoppered test tube, by immersing the tube in liquid nitrogen. 
The frozen samples were stored at -15°C for subsequent measurement of the 
osmotic potential of expressed sap in a Wescor model C52 sample chamber, 
using a Wescor model HR 33T microvoltmeter in the dew-point mode. Details 
of method are shown in Appendix 4. Estimates of osmotic potential at full 
turgor, obtained from each pair of leaves, were compared to provide an 
estimate of the reliability of the absolute value obtained by psychrometry 
for routine determinations. 
Although four pairs of leaves were sampled from each treatment, data 
for only three are usually presented. Some leaves which were visibly 
damaged during sealing of the pressure chamber, and others which could not 
be used within 24 h of sampling, were discarded. 
3. RESULTS 
3.1 · Growth 
As expected from the results of Experiment 4 (Chapter 3), wheat root 
growth in the acid soil was largely unaltered by the addition of lime, 
·but there were significantly (P < 0.05) large increases in root length 
in barley treatments with successively higher rates of lime. In the 
-1 
acid soil limed at 0.8, 1.5 and 2 .~ g kg , mean total root lengths for 
both watering treatments were 400 m, 470 m and 450 m respectively, in 
the wheat monocultures and 480 m, 740 m and 940 m respectively, in the 
barley monoculture (S.E. of each mean 83). Barley root lengths in the 
Table 4. 2 
Lime_ 1 
(g kg ) 
Effect of lime in droughted barley treatments on 
minimum leaf water potential on day 8 of the drying 
cycle, green leaf area 2 and 10 days before and 
10 days after the commencement of drying, and root 
length in the acid soil at the end of Experiment 5. 
(Values in parenthesis are S.E. 's of the means). 
'l'L 
(MPa) 
Water use 
(kg) 
2 -1 Green leaf area (cm pot ) 
-10 
days 
-2 
days 
10 
days 
76 
Root 
length 
(m) 
0.8 -2.83 (0.07) 2.85 (0.05) 451 (70) 722 (65) 854 (17) 400 (12) 
1.5 -2.01 (0.13) 2.68 (0.03) 459 (10) 587 (36) 1694 (102) 520 (26) 
2.2 -2.40 (0.24) 2.80 (0.00) 437 (61) 725 (7) 1194 (9) 710 (111) 
dr oughted treatments followed a similar trend (Table 4.2). 
Drought reduced the root length in barley, but not in wheat, in 
b9th the upper organic soil and in total (Table 4.3) . A similar 
effect was observed in the acid soil, where drought reduced barley root 
l engths by 39 per cent, but the interaction between species, lime and 
watering treatment was not significant. 
Lime did not significantly affect either the number of green 
ot wheat 
leavesk or their area, at each harvest. The small effect of lime on 
barley leaf area 10 and 2 days before watering ceased (30 and 38 days 
after sowing, respectively) is shown in Table 4.2. The results are 
therefore discussed taking means of lime treatment effects. There were 
large differences in green leaf area between species at successive 
harvests. Barley produced a larger leaf area than wheat in well-watered 
treatments (Figure 4.2), mainly as result of its more rapid tillering 
and faster rate of leaf emergence. The combined effect of tillering 
Figure 4.2 Changes in the number and area of green leaves 
of wheat and barley with plant age and soil 
water supply in Experiment 5. All plants were 
well-wateied until Day 41 (+), when water was 
withheld in droughted treatments. Leaf numbers 
are means of all barley (• ) and wheat (o) 
treatments; leaf areas are means of well-watered 
(closed symbols) and droughted (open symbols) 
treatments of barley ( e ,o) and wheat (• ,.6.) . 
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Table 4.3 
Species 
Effect of watering treatment on root length (m) 
of wheat and barley in organic soil, acid soil 
and the total soil volume after 51 days in 
Experiment 5 . 
Watering treatment 
Well-watered Droughted 
S.E. of 
each mean 
1. Organic Soil 
Wheat 
Barley 
2. Acid Soil 
Wheat 
Buley 
3. Total 
Vlheat 
Barley 
205 
525 
430 
895 
636 
1420 
260 
385 
450 
545 
710 
930 
58.0 
67.7 
160.8 
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and rate of leaf appearance was evident in the total number of fully 
expanded leaves produced between 14 and 39 days after sowing (Figure 4.2). 
Drought had a greater effect on leaf area in barley than wreat, tending 
to cause an absolute decline in barley, and a substantially slower rate 
of increase in wheat (Figure 4.2). However, the area of the droughted 
plants of both species at the end of the experiment was not .statistically 
different (P > 0. 05) from the area at the commencement of the drought. 
Shoot dry weights were significantly (P < 0 . 05) affected only by 
Watering treatment and an interaction between species and watering 
treatment . Mean total shoot dry weight at day 51, was 20.3 gin 
Well-watered treatments and 15.2 gin droughted treatments (P < 0.01). 
However, the effect of watering treatment differed between species 
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(P < 0.05), with shoot weight severely suppressed in droughted 
barley treatments and only marginally suppressed in droughted wheat 
treatments (Table 4.4) . 
The ratio of shoot dry weight (g) to root organic matter (g) 
at the end of the treatment period differed (P < 0.01) only between 
species, and between watering treatments within species. In treatments 
watered throughout, wheat had a shoot:root ratio which was more than 
twice that of barley (Table 4.4). Any change in the partitioning of. 
dry matter between the shoot and root, as a result of droughting, did 
not affect the ratio in barley treatments, but significantly reduced 
the ratio in droughted wheat plants. The small depression in shoot dry 
Table 4.4 
Species 
1. Shoot dry 
Wheat 
Barley 
Effect of watering treatment on shoot dry weight, 
total root organic matter and shoot:root ratio of 
wheat and barley in Experiment 5, 51 days after 
sowing . 
Watering treatment 
Well-watered Droughted 
weight -1 (g pot ) 
18.1 16.4 
22.4 14.0 
S.E. of 
each mean 
0.85 
2 . Root organic matter -1 (g pot ) 
Wheat 
Barley 
3. Shoot:root ratio 
Wheat 
Barley 
2.2 
5.9 
8.2 
3.8 
2 .5 
4.0 
6.6 
3. 5 
0.32 
0.29 
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weight in droughted wheat plants was accompanied by a tendency for 
root organic matter to increase, whereas in droughted barley treatments 
t he suppression of both root and shoot growth was of the same magnitude 
(Table 4.4). 
It is clear from a comparison of Tables 4.3 and 4.4 that the root 
length:root weight ratio differed between wheat and barley. These 
di fferences are discussed not only in relation to species, but also 
lime, other nutrients and water supply, in Chapter 7. 
3. 2 Stomatal r elations. 
Stomata! response to light in young fully expanded leaves of 
we ll-watered wheat and barl ey plants, varied little between species 
(Figure 4.3). Leaf resistance increased rapidly as irradiance declined 
-2 -1 - 2 -1 from 400 µE m s , but at levels between 700 and 2000 µEm s , the r esistance 
-1 
cha~ged little, and had a mean of approximately 2.5 s cm ~ in both 
species. A linear transformation of the hyperbolic response of leaf 
res istance (r1) to irradiance (I), us ing the reciprocal of r 1 
(conductance) (Dowd and Riggs 1965), was used to compare the two species . 
The slope of the lines did not differ significantly (P > 0.05) between 
t he species (Figure 4.4) . The linear transformation was us ed to fit 
t he hyperbolic r esponse curves in Figure 4.3 . 
Since leaf resistance in well-watered wheat and barley plants 
-2 -1 
showed only small responses to light at levels above 700 µEm s 
-2 -1 data only from leaves illuminated at or above 700 µEm s were used 
in assessing stomatal responses to leaf water deficit s . Also, changes 
i n leaf resistance near the point ~f stomata l closure are extremely 
small compared with relatively large changes in '!\. Therefore, the 
expanded scale of leaf conductance, being the reciprocal of leaf 
r esistance, was used to estimate , 1 at stomatal closure. Relationships 
between leaf conductance and leaf water potential for both species 
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Linearisation of the hyperbolic response of leaf 
resistance to quantum flux density. Results from 
adaxially (A,6.) and abaxially (e,o) i lluminated 
l eaf surfaces were pooled for barl ey (closed symbols; 
line 1), wheat (open symbols ;l ine 3) and the overall 
regression (line 2) . 
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showed that ~L at which stomata closed was approximately -1.2 MPa for 
wheat and -1.3 MPa for bar l ey (Figure 4.5). 
The similarity of the stomata! response to light and leaf water 
potential in both species -suggested that water use per unit leaf area, 
for plants experiencing the same atmospheric conditions, should also 
be similar in both species . This aspect is considered in the next 
section of this Chapter. 
3.3 Water relations in Experiment 5. 
Total evapotranspiration during the experiment, per unit of shoot 
-1 dry matter on day 51 (i.e. transpiration ratio) was 356 ± 14 g g , and 
did not differ (P > 0.05) between treatments. However, as the final 
shoot weights (Table 4.4) and final green leaf area (Figure 4.2) of 
bar ley were greater than those for wheat, barley used 19 per cent more 
(P < 0.05) water during the experiment than wheat. Well-watered 
treatments also used 29 per cent more (P < 0.01) water than droughted 
treatments . Figure 4 . 6 shows the close linear relationship between 
total water loss and plant shoot dry weights on day 51, and its close 
agreement with a similar relationship found by Rawson, Bagga and 
Bremner (1977), for five cereal cultivars which included 'Abyss inian.' 
Total water used comprised a proportion used during the initial 
phase when all plants were well-watered (pre-treatment period water use), 
and a proportion used during the treatment period when water was withheld 
from half of the pots (treatment period water use) . Water used in the 
pre-treatment period was 2. 5 kg pot- 1and did not differ (P > 0. 05) between 
treatments . In the treatment period, differences in water use between 
species varied between watering treatments (Table 4.5); the most severe 
reduction in water use due to droughting occurred in barley, where the 
final green leaf area and shoot dry weight were greater than in wheat 
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Relationship between shoot dry weight 51 days after 
sowing and total water los s in Experiment 5. The 
solid line is the linear regression fitted to the data 
for well-watered barley (•) and wheat (•) as well as 
droughted barley (o) and wheat (b.). The broken line 
in the relationship published by Rawson, Bagga and 
Bremner (1977) for a number of winter cereals. 
(Figure 4.2, Table 4.4). Water use did not differ significantly 
between treatments as a result of different root lengths in the 
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acid soil; in barley, for example, where root length almost doubled 
across the range of lime treatments, water used in the treatment period 
-1 -1 
was 4.1 kg in the treatments limed at 0.8 g kg , 4.2 kg in the 1.5 g kg 
treatment, and 4.7 kg in the 2 . 2 g kg-l treatment (S.E. of each mean 
0. 37 kg). Water use per unit leaf area index (LAI) during the treatment 
period was, with the exception of the simple effect of watering, 
significantly affected by all treatments and their interactions. The 
LAI used was the mean of measurements made at the beginning and end of 
t he treatment period (Figure 4.2). Individual treatment means are shown 
Table 4.5 
Water use 
period 
Pre-treatment 
(Day 0-40) 
Treatment 
(Day 41-51) 
t 
t 
Effect of watering treatment on the total weight of 
-1 
water transpired (kg pot ) by wheat and barley during 
two periods in Experiment 5. The plants were either 
well-watered throughout or water was withheld during 
the last 11 days of the experiment. 
Species Well-Watered 
Wheat 2.47 
Barley 2.66 
Wheat 3. 77 
Barley 5.69 
Droughted 
2.23 
2.58 
2.80 
2.92 
S.E. of each 
mean 
0.20 
0.30 
Interaction between watering treatment and species not 
significant; pre~treatment water use not significantly 
affected by any treatment. 
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in Table 4.6; over all lime treatments, water use in well-watered 
pots of both species did not differ, but droughted barley us ed less 
water, and wheat more water, than the corre·sponding wet treatments. 
However, water use per unit mean LAI was most likely overestimated 
in droughted treatments, because leaf area would have continued to 
\Jn11 I sfress d<i.,1e. lopQ.OI. 
inc..r~o.se during the drought perio4 and hence a mean of daily LAI 
would be higher than the mean used. In well-watered treatments 
this error was less serious as leaf area appeared to increase 
linearly during the treatment period (Figure 4.2). In well-watered 
t r eatments of both species, water use per unit LAI tended to increase 
significantly at successively higher rates of lime (Table 4.6). The 
reasons for this increase are not clear, as neither leaf area in both 
species nor root length in wheat were significantly affected by lime. 
Table 4.6 
Spec ies 
Wheat 
Barley 
S. E. of 
each mean 
Effect of watering and lime treatments on water use 
per unit mean leaf area index [g 2 (cm (leaf) -2 -1] cm (soil)) 
by wheat and barley in the treatment period of 
Experiment 5. 
Li me -1 Wat ering (g kg ) Mean treatment 0.8 1. 5 2.2 
Well - watered 1011 1138 1330 1160 
Droughted 1188 1365 1586 1380 
Well - watered 1110 1248 1312 1223 
Droughted 1270 946 1062 1093 
41. 6 24.0 
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Temporal changes in dawn ~Lin well-watered treatments showed 
litt le fluctuation during the treatment period and did not differ 
signi ficantly between species, although barley was always slightly 
l ower than wheat (Figure 4.7a), or between lime treatments (Figure 4.8). 
Minimum ~Lin well-watered treatments likewise showed no response to 
lime treatment (data not shown), but, whereas barley ~L did not 
fl uctuate significantly from a mean of -1.27 MPa (at 1400 h) during 
the drying cycle, ~i in well-watered wheat treatments increased 
significantly on days 4, 8 and 10 of the drying cycle from that on 
day O (Figure 4.7b) . 
In droughted treatments, both maximum and minimum ~L for wheat 
and barley tended to decline linearly from day 4 to the end of the 
exper iment. The rate of decline was greater in barley treatments 
than in wheat treatments, and at the end of the experiment both 
maximum and minimum mean ~Lin droughted barley were 1.1 MPa lower 
than in wheat (Figure 4.7a and b) . 
Lime significantly affected the rate of development of leaf 
wate r deficits measured at dawn, 8 and 10 days after the commencement 
of the drying cycle (species x lime x watering treatment interaction, 
P < 0.05) (Figure 4.8). In droughted wheat treatments, there was a 
trend to a significantly lower dawn ~Lat both samplings, with 
successively higher rates of lime. In the droughted barley treatments, 
-1 however , dawn ~Lin the treatments limed at 0.8 and 2.2 g CaC03 kg 
did not differ (P>0.05) on day 7, 8 or 10 of the drying cycle, but 
were both significantly lower than ~Lin the droughted treatment with 
soil limed at a rate of 1.5 g Caco3 kg-l (Figure 4.8). 
In view of the large decline in ~L with time in droughted 
treatments, the daily pattern of development of leaf water stress was 
Figure 4.7 Tempora l trends in (a) maximum and (b) minimum 1L during a single drying cycle 
in Experiment 5. Wheat (solid lines) and barley (broken lines) were well-watered 
(• ) throughout or droughted (0) from 40 days after sowing. Vertical bars are one 
S . E. of each mean. (Interaction between species and watering t reatment was 
significant only on days 7, 8 and 10 (maximum 1 L) and on days 8 and 10 (minimum 1 L).) 
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examined near the beginning and the end .of the drying cycle. Diurnal 
patterns of ~L for each treatment on days 1 and 8 of the drying cycle 
(4 1 and 48 days after sowing) are shown in Figures 4.9 and 4.10, 
respectively. In non-stressed treatments, ~L was at a maximum at the 
pre -dawn reading, declined rapidly during the first 2 to 4 h of the 
day , and then more slowly to minimum ~L values between -1.1 MPa and 
-1. 4 MPa at approximately 1400 h. Recovery of ~L after sunset was also 
rapid, so that by 1800 h ~L had increased to -0.2 MPa. lbe differences 
between treatments on day 1 were small and could not be considered 
phys iologically significant. However, on day 8 the effect of withholding 
water had produced a wide range of responses between droughted treatments, 
and a strong contrast between well-watered and droughted treatments. Leaf 
water potential in stressed treatments ranged from -0.3 MPa to -1.9 MPa at 
dawn, and from -0.8 MPa to -2.8 MPa at 1400 h, with barley treatments 
having the lower ~L values. In severely stressed treatments, with minimum 
'L lower than approximately -2.0 MPa, there was no evidence of recovery of 
~L before 1830 h. Among the three droughted barley treatments, both the 
highest and lowest rates of lime were associated with substantially lower 
~L -1 day 8, than in the treatment limed at 1.5 g CaC03 kg (Figure 4.10). 
This difference was more consistent with the trends in expanded green 
leaf area present two days before the commencement of the treatment 
period and water use during the drying cycle (Table 4.2), than with the 
pattern of root lengths in theacidsoil at the end of the experiment 
(Table 4.2). Final green leaf areas were positively related to ~Lon 
·day 8, and negatively related to water use, suggesting that the area of 
green leaf, and hence the transpiration potential of the plant, adjusted 
rapidly to the severity of the water stress. 
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Figure 4.10: Diurnal changes in ~L in Experiment S, 48 days after 
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drying cycle). Barley (open symbols) and wheat 
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(o,• ) . Vertical bars shown in (a) are one S.E. 
of each mean and are applicable to means at 
corresponding times in (b), (c) and (d). Arrows 
indicate sunrise and sunset. 
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3.4 Tissue water relations in Experiment?. 
The tissue water relations of each species was further compared 
using the pressure-volume r.elations obtained in Experiment 7. The 
derivation of parameters used to compare the two species is illustrated 
by the pressure-volume curve for a droughted barley leaf at the second 
sampling (Figure 4.1). 
The weight of sap expressed from each leaf was small, ranging 
between about 0.2 g and 0.4 g, but in each case the weight collected 
exceeded 95 per cent of the loss in weight by the leaf in the pressure 
chamber. As. expected, parameters estimated from pressure-volume curves 
did not differ significantly between watering treatments at the first 
sampling, and were also similar to those from well-watered plants at 
the second sampling . Mean values of ~L at dawn, TI at full turgor and 
apoplastic water for all treatments at the first sampling, and 
well-watered treatments at sampling 2 are shown in Table 4.7. Because 
of the similarity between samplings, full results are presented only 
for the second sampling. 
Table 4. 7 
Sampling 
1 
Mean ~Lat dawn, TI at full turgor and apoplastic water for 
all treatments of wheat and barley at sampling 1 (74 days 
after sowing) and well-watered treatments at sampling 2 
(86 days after sowing) of Experiment 7. (The S.E. of each 
mean is shown in parenthesis.) 
Species 
Barley 
Wheat 
Predawn 
~ L (MPa) 
-0.06 (0.02) 
-0.05 (0. 02) 
TI at full Apoplastic 
turgor (MPa) Water(%) 
-0.99 (0.01) 11. 6 (3.5) 
-1. 07 (0.01) 10.8 (2. 2) 
2 Barley -0.09 (0.02) -1. 02 (0.04) 30.0 (7. 5) 
Wheat -0.07 (0.01) -1.10 (0. 02) 12.0 (1. 0) 
95 
An extension of . the linear region of the pressure-volume curve 
to the x and y axis, as shown in Figure 4.1, gives, respectively, an 
estimate of symplasmic (osmotically active) water and TI at full turgor. 
The proportion of non-osmotically· active apoplastic water in the leaves 
was between 10.8 per cent and 12.0 per cent of the total leaf water, 
except at the second sampling of well-watered barley plants, when the 
mean value was 30 per cent (Tables 4.7, 4.8). This latter estimate is 
probably an aberrant point, since it is neither consistent with the 
est imate of 11.6 per cent obtained at the first sampling, nor with 
values estimated from psychrometry. Excluding these data, the results 
indicate that the proportion of total leaf water which is apoplastic, 
did not change with leaf water stress. A similar conclusion has been 
reached by Tyree (1976). However, -this is not a critical method for 
estimating -the apoplastic water content of leaf tissue. In constructing 
pressure-volume curves, it is usual for sap collection to cease well 
before leaf RWC reaches 50 per cent; in Experiment 7, where final RWC 
was between 45 per cent and 54 per cent, the intercept giving the estimate 
of apoplastic water was still far removed from the region of the data 
(Figure 4.1). Hence, a small change in the slope of the line in the 
linear region of the pressure-volume curve, due to small errors in the 
weight of sap collected, or errors in the elevation of the line due to 
exclusion errors (Millar and Hansen 1975), may, when extrapolated to the 
x axis, produce a large change in the estimate of apoplastic water. 
The same error may also influence estimates of TI at full turgor, 
but are unlikely to be of the same magnitude,as the y-axis intercept 
lies closer to the data points. Estimates of TI at full turgor, obtained 
from pressure - volume curves and from the Wescor sample chamber, show an 
expected agreement (Table 4.8). Estimates obtained by psychrometry were 
Table 4.8 
Species 
and 
watering 
treatment 
Barley WW 
TD 
Cell water relationships estimated from Hofler diagrams for wet and dry treatments of wheat 
and barley in Experiment 7. (S.E. of each mean is shown in parenthesis). 
Predawn 
Number Apoplastic t f 11 t tt (MP ) 'TT at zero Elastic 
RWC (%) 
'¥ t of , water 'TT a u urgor . a turgor modulus ('¥ L =-1. 5 L leaves (%) (MPa) (MPa) MPa) (MPa) P-VC wsc 
-0.09 (0.02) 3 30.3(7.5) -1.02(0.04) -0.94(0.05) -1.24(0.04) 14.4(5.2) 66.7(2.5) 
-0.97(0.03) 4 10.9(4.0) -1.35(0.07) -1.21(0.05) -1.66(0.07) 19.2(5.1) 85.8(2.6) 
Wheat WW -0.07 (0 .01) 3 12.0(1.0) 
3 12.0(2.2) 
-1.10(0.02) -0.99(0.01) -1.23(0.05) 18.9(5.7) 
20.3(4.4) 
73.4(5.7) 
81.9(2.1) TD - 1. - 1 ( 0 . 0 7) -1.34(0.10) -1.27(0.01) -1. 61 (0 .16) 
t Water was withheld 10 days before sampling in droughted treatments. 
tt Estimated directly from pressure-volume curves (P-VC) and from mechanically 
expressed sap in a Wescor model C52 sample chamber (WSC). 
'¥L 
(RWC = 0.8) 
-1.30(0.03) 
-1.69(0.09) 
-1.37(0.04) 
-1.65(0.12) 
(.Cl 
(]\ 
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higher than those from the pressure-volume curve, due to the dilution · 
of the osmoticurn with apoplastic water during mechanical expression of 
the sap. Except in the case of well-watered barley, which as not·ed 
earlier had an erroneously high apoplastic water content, the increase 
in TI closely matched the apoplastic water content of between 11 and 12 
per cent (Table 4.8). 
The balance pressures after each period of sap collection are 
values of ~Lat successively lower RWC. The osmotic component of the 
total potential is estimated from the linear region of the pressure-volume 
curve, and turgor potential by difference. When the weight of water 
remaining in the leaf at each balance pressure is converted to a RWC, 
modified Hofler diagrams may be constructed (Figure 4.11). Estimates 
of TI , cell wall elasticity (E), RWC at ~L of -1.5 MPa, and ~Lat RWC of 
80 per cent, from Hofler diagrams of each treatment, are shown in 
Tab le 4.8. There was a large osmotic adjustment in the droughted 
treatments of both species. At full turgor, barley adjusted by 
-0 .33 MPa and wheat by -0.24 MPa; at zero turgor the adjustment was 
slightly larger in both species (Table 4.8; Figure 4.11). The S.E. of 
mean values indicate that the difference between species was not significant. 
Mean values of cell wall elasticity ranged between 14. 4 ± 5. 2 MPa 
and 20.3 ± 4.4 MPa, and did not differ between treatments (Table 4.8). 
Osmotic adjustment therefore occurred independently of any change in the 
bulk elast i c modulus. 
In both species, the RWC of osmotically adjusted leaves was 
substantially higher at each~ than in non-stressed leaves. Likewise, 
~Lin adjusted leaves was at least 0.3 MPa lower than in non-adjusted 
leaves at the same RWC (Table 4.8; Figure 4.11). For example, values 
of ~Lat 80 per cent RWC in Table 4.8 are also values of TI, since the 
Figure 4 . 11 Modified Hcifler diagrams for well-watered (c.losed symbols) and droughted ( open symbols) 
leaves of (a) wheat and (b) barley. S . E. of RWC means were less than 5 per cent; vertical 
bars are one S . E. of each water potential mean; S . E. less than 0.1 MPa are not shown. 
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l eaf had reached zero turgor potential (Figure 4.11); the decrease was 
- 0.39 MPa for .droughted barley treatments and -0.28 MPa for wheat. The 
S. E. of the mean values indicate that the difference between the two 
species was not significant. 
4. DISCUSSION 
This series of experiments have confirmed an overall physiological 
similarity between the two cultivars. Both have shown similar leaf 
resistance responses to light and leaf water potential, and similar 
tissue water relations and adaptation to water deficits. No significant 
differences between the two cultivars were observed in the relationships 
between~ and RWC, TI and RWC, or P and RWC, and both adjusted osmotically 
to the same degree, without increasing their apparent tissue elasticity, 
in response to water stress. 
In Experiment 5, the opportunity was taken to examine the effect 
of large differences in root growth of barley, in response to different 
rates of liming, on the depletion of a fixed amount of soil water, and 
hence on the rate of development of leaf water stress. Barley plants 
in the intermediate lime treatment had a lower green leaf area two days 
before water was withheld from the droughted treatments (Table 4.2), 
and as this affected the rate of water use independently of the amount 
of root supplying water to the shoot, this treatment i s omitted from 
this discussion. In the high and low lime treatments however, green 
leaf areas at the commencement of the drying cycle were almost 
identical (Table 4.2), as was the rate of development of leaf water -
deficits during the drying cycle (Figure 4.8). Root densities in the 
acid soil in the low lime treatment were 3.3 cm cm- 3 which was 
-3 . 
significantly lower than the mean of 5.7 cm cm 1n the high lime 
treatment. This indicated that the supply of water to the shoot, and 
100 
hence the rate of development of leaf water deficits, was not 
di fferentially affected by root densities of this magnitude. This is 
not to suggest, however, that the length of root exploiting a layer of 
wet soil is inconsequential to the ability of the plant to avoid drought. 
At lower root densities, water uptake may be severely restricted after 
a very short time. When the major part of the root system is in dry 
soi l, water uptake by a few roots penetrating deeper layers of wet 
soi l can account for a disporportionally large part of total water uptake 
(Al lmaras, Nelson and Voorhees 1975; Stone, Teare, Nickell and Mayaki 
1976 ; Gregory, McGowan and Biscoe 1978; WillattandTaylor 1978). 
However, unless further root growth occurs, the high rate of extraction 
may cause large water potential gradients to develop between the root 
and the bulk soil (Gardner 1960; Cowan 1965), resulting in a decline in 
water uptake and more severe internal water deficits. 
As the quantity of water taken up may be closely related to the 
amount of root present per unit volume of wet soil (Gardner 1960, 1965; 
Cowan 1965; Newman 1969a, 1969b), only a very slow rate of root growth 
into wet soil may be required to meet the minimum water requirement of 
the shoot and maximise the conservation of dwindling soil reserves. In 
practice, however, plants follow a more resource wasteful strategy. 
It is well recognised that roots proliferate rapidly in a localised 
area of wet soil, so that for most root densities, water extraction rates 
and soil moisture conditions encountered in soil-plant systems, the 
models of Gardner (1960) and Cowan (1965) predict only small differences 
in water potential between the root and bulk soil (Williams 1974). Hence, 
Plants show little tendency to conserve soil water by reducting their 
rate of root growth into wet soil in a largely droughted profile. This 
aspect of adaptation to drought is discussed further in Chapter 5. 
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Two characteristics which influence the ability of a plant to 
withstand drought are its ability to tolerate low water potentials, 
and its ability to control the development of water deficits, for 
example, by stomatal closure (Levitt 1972; Arnon 1975; Turner 1979). 
It is generally accepted that light intensity, ambient humidity and 
leaf water potential are three of the most important fattors controlling 
stomatal resistance of whole plants or individual leaves. Humidity 
is unlikely to be important in spaced plants in a controlled 
environment. The leaf resistance responses in both species to light 
and leaf water potential were similar. Leaf resistance in well-watered 
plants of both species decreased rapidly as irradiance increased to 
-2 -1 -1 400 µEm s and stabilised at about 2.5 s cm at light levels above 
High stomata! resistance was found in both species when 
~L decreased to -1. 3 MPa. 
It was not unexpected from the stomatal responses that the 
transpiration ratio did not deviate significantly from the mean of 
-1 356 g g in any of the treatments, and that the mean water use during 
2 -2 -I 
the treatment period pe! unit LAI, was 1214±37 g (cm (leaf) cm (soil)) 
for wheat and barley. In well-watered plants, water use per unit LAI 
was slightly, but not significantly higher in barley than wheat, and 
hence the efficiency of water use by barley tended to be lower than in 
wheat . However, water use per plant differed significantly between 
Well-watered and droughted treatments and between species. Barley used 
19 per cent more water than wheat, mainly because it produced a 
significantly larger green leaf area (Figure 4.2), but perhaps also 
because its efficiency of water use was slightly lower than that of 
wheat. As a consequence of using more water, its leaves experienced 
more severe stress and the plants adjusted their green leaf area, 
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so that the large change in green leaf area between wet and dry barley 
treatments was not evident in less severely stressed wheat treatments. 
The reduction in leaf turgor potential which accompanies loss 
of water from leaf tissue during drought, affects both plant growth 
and physiological mechanisms, enabling plants to tolerate water 
deficits . At moderate levels of leaf water stress in Experiment 7, 
osmotic adjustment at zero turgor was -0.4 MPa in both barley and 
wheat. This decrease in osmotic potential, coupled with the fact 
that there was no increase in tissue elasticity, demonstrates that 
there was active osmotic adjustment due ·to a net increase in cell 
solutes . There are few published data which show the extent of this 
phenomenon between genotypes of the same or closely related species 
of winter cereals. In the only report known to me, Morgan (1977) found 
large differences between species and sub-species of wheat (Triticwn spp.), 
which tended to divide naturally into osmotically adjusting and 
non-adjusting groups. The difference in TI between the two groups 
exceeded 1.0 MPa at zero turgor, which was more than twice the adjustment 
observed for both wheat and barley in the experiment reported here. 
In summary, root growth of barley in the acid soil increased 
with increasing rates of lime, but this had no significant effect on 
the rate of use of water stored in the soil profile. TI1e major 
difference between the two species, apart from the intended root growth 
difference, was in shoot growth. More rapid leaf area production in 
barley resulted in more rapid use of stored water, and more severe leaf 
water deficits, than in wheat. In terms of the original intention to 
select two morphologically and physiologically similar genotypes 
differing in root growth response to acid soil conditions, this difference 
in shoot growth iri not necessarily a severe drawback. Competition 
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between plants grown in mixtures often alters the biomass productivity 
in monoculture (Donald 1963; Trenbath 1974), so that select i on of two 
genotypes for shoot uniformity in monoculture, in the expectation of 
their unaltered productivity in mixtures, may be futile. In the 
fol lowing Chapter, shoot growth and wat er relations of the cultivars 
'Colonias' and 'Abyssinian', are studied in mixtures, in which the root 
profiles of the two species differ. 
Chapter 5. 
Effect of water deficits on plant growth and leaf 
water relations of wheat and barley grown in 
monocultures and 1:1 mixtures. 
1. INTRODUCTION 
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The most important single factor limiting the yield of plants is, on 
a worldwide scale, a deficit of water (Begg and Turner 1976), and yet in 
comparison to the number of studies on pure stands, there have been few 
i ntegrated studies on the effects of water deficits on morphological and 
physiological processes in communities of mixed species. The study 
discussed in this Chapter is an attempt to quantify the effect of rooting 
pattern on the development of water deficits in the components of mixed 
plant communities. Rooting pattern is one factor which often differs 
between the components of a mixture. Experiments described in Chapters 
3 and 4 were concerned with selecting two plant genotypes, which differed 
in their patterns of root growth, but had similar morphological and 
physiological shoot responses to water stress. The two species, Triticum 
aestivum cv. Colonias and Hordeum vulgare cv. Abyssinian best satisfied 
these criteria. 
As the mechanisms for adaptation to water stress are known to differ 
between genotypes (Begg and Turner 1976), two species with similar -
mechanisms were selected for the present study in order to ensure that, 
as far as possible, the responses to water deficits were due only to 
differences in rooting patterns. One example, in which the effect of 
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rooting patterns on the supply of water to the shoots of Setari a faberi i , 
Abutilon theophrasti and Polygonwn pensylvanicwn, coexisting in a one-year 
successional field, was complimented by different adaptations to water 
stress by the shoots (Wieland and Bazzaz 1975), was noted in Chapter 2. The 
fi brous root system of S. faberii was confined mainly to the upper 25 cm of 
t he soil profile. In order to compensate for the small volume of water 
available to it, and hence the greater likelihood of severe water deficits, 
leaf water potential of Setaria recovered rapidly after rain, due to a low 
i nternal resistance to water flow, and the leaves maintained high rates of 
photosynthesis at leaf water potentials which suppressed photosynthesis 
i n the other two species. Polygonum, in contrast, exploited the deep layers 
of the soil profile, thus maximising the opportunity for a continuous 
supply of water to its leaves; its stomata began to close at very high 
l eaf water potentials and it also appeared unable to recover when leaf 
water potential declined to -1 . 9 MPa. Thus, the effects of rooting patterns 
on the supply of water to the shoots were modified by physiological 
adaptations of the shoot, which together allowed the species to coexist. 
Agronomists have long studied the influence of inputs, such as water, 
fertili zers and grazing, on the bi omass of mixed communiti es of pasture 
plants. More recently, mixed crop communities have been proposed as a 
method for increasing the productivity of agricultural systems (Andrews 
and Kassam 1976). The components of these mixtures compete, not only for 
water, but also for such growth factors as light and nutrients (e.g. Harper 
1961; Milthorpe 1961; Stern and Donald 196 2; Donald 1963; Rhodes 1970; 
Trenbath 1974, 1976), the intensity of the interaction between the 
components depending on the proportion of interplant contacts that are 
between individuals of different components (Trenbath 1976). This 
proportion is maximised in a 1:1 mixture when the two components are grown 
S'f""'.3~e~eaL 
in alternate!rows. 
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Competition in well-developed agricultural crops usually occurs 
between root systems (root competition), and between shoots (shoot 
competition) (Donald 1958), with the relative importance of competition 
for any one growth factor depending on environmental conditions (Aspinall 
1960) and the nature of the genotypes (Trenbath 1974). For a particular 
set of environmental conditions and genotypes, root competition has 
frequently been shown to have a greater effect on plant productivity 
than shoot competition (e.g. Donald 1958; Rhodes 1968; Snaydon 1971; 
Eagles 1972). When the supply of water is strictly limited, competition 
between well-developed plants for light and nutrients may have only small 
effects on the competitive relationship, over relatively short periods of 
time, when compared with the effects of water deficits . For these reasons, 
the studies reported in this chapter were carried out without any attempt 
to separate the effects of root and shoot competition. That is, by 
allowing water deficits to develop over periods as short as 10-20 days, 
the physiological and morphological responses observed were assumed to be 
almost solely due to the effect of rooting patterns on the supply of water 
to the plant shoots. 
Although root competition appears to be relatively more important 
than shoot competition in determining the productivity of component genotypes 
in mixtures, the use of small containers may result in abnormally high root 
densities, and hence hasten the overlapping of zones of depletion of water 
and nutrients around individual roots. This could lead to an overestimation 
of the effect of competition for soil factors. A number of workers have 
also shown that differences in the rate of development of moisture stress 
between pot experiments and field studies (e.g. Fischer and Hagan 1965; 
Jordan and Ritchie 1971; Ludlow and Ng 1976) also influences morphological 
and physiological responses to water deficits (Begg and Turner 1976). For 
these reasons, large containers were used in the experiments discussed in 
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this chapter. There were two experiments. In the first (Experiment 6), 
the effect of surface droughting o~ the morphological responses of shoots 
and roots and the physiological responses of the leaves of the two species 
in monoculture and a 1:1 mixture were studied. In the second (Experiment 
7), the effects of a total drought in 1:1 mixtures were studied. 
In both experiments, and also in those discussed in Chapter 6, all 
plants were well-watered during an initial period of growth. The length 
of this pre-treatment period was a compromise between conflicting requirement~ 
and events. On the one hand, well-grown leafy plants were required to 
provide sufficient leaves for estimates of temporal and diurnal trends in 
leaf water relations, with minimum disruption of plant growth due to 
i ntensive leaf sampling. A high root growth potential was also required 
for estimating responses to soil water treatments. On the other hand, 
s ignificant changes in the growth of temperate cereals may occur at the 
t ime of change from vegetative to reproductive growth: some studies point 
t o a cessation of root growth (e.g. Welbank and Williams 1968; Biscoe, 
Scott and Monteith 1975), and nutrient uptake (e.g. Halse, Greenwood, 
Lapins and Boundy 1969), at about the time of heading, although under 
favourable nutrient and moisture conditions, both can continue into the 
grain development period (e.g. Carpenter, Haas and Miles 1952; Hurd 1968; 
Gregory, McGowan, Biscoe and Hunter 1978). Maximum leaf area index 
i n wheat crops is reached 2-3 weeks before anthesis (e.g. Watson, Thorne 
and French 1963, Fischer and Kohn 1966; Puckridge 1971; Fischer 1975), and 
with only moderate water stress and moderate temperatures, falls sharply 
during grain filling. The comp~omise reached, therefore, was to permit 
an initial growth period which allowed sampling during the late vegetative 
phase, when leaf area index was high and roots were actively growing and 
final harvest at, or shortly before, ear emergence. 
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2. MATERIALS AND METHODS 
2.1 Soil and basal nutrients. 
The acid granite subsoil and the organic surface soil used in the two 
experiments described in this chapter were similar to the soils collected 
and described for the series of experiments in Chapter 3. Preparation of 
the soil, including the method of adding basal nutrients, was also unchanged 
from the manner described previously (Chapter 3). The organic soil was 
-1 
mixed with 2.8 g K2HP04 kg air dried soil. Basal nutrients were mixed 
-1 
uniformly through the acid soil as follows: (NH4) 2so4 (160 mg kg air 
·-1 -1 dried soil), H3Po4 (120 mg kg ), K2so4 (174 mg kg ), MgS04 .7H20 (18 mg 
-1 -1 -1 kg ), Na2Mo04 .2H20 (0.3 mg kg ) and Na2B4o7.10H20 (0.9 mg kg ). Nutrients 
were also supplied at intervals after planting as shown in Table 5.1. 
Table 5.1 -2 Nutrients applied on the soil surface (gm ) after 
planting of Experiments 6 and 7. (The number of days 
after planting for the application of each nutrient 
is shown in parenthesis). 
Experiment number 
Nutrient 6 7 
0.9 ( 1) 0.9 ( 1) 
1. 8 ( 1) 1. 8 ( 1) 
11. 7 ( 4) 46.8 (16) 
23.4 (12) 46.8 (38) 
46.8 (29) 
46.8 (32) 
46.8 (35) 
46.8 ( 48) 
222.3 93.6 
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2.2 Root boxes and filling procedure. 
Hardboard root boxes, 10 cm x 36 cm in cross-section and 103 cm ueep, 
with one removable side of clear perspex were used in both experiments . 
The hardboard sides were painted black on their internal surface and 
white on their external surface. During the course of experiments, the 
perspex side was covered with a sheet of black plastic and the outer 
perimeter of the closely arranged boxes was shielded with alwninium foil 
to reduce the heat load on the roots (Plate 5 . 1 ). 
Each box was lined with a neat fitting plastic bag and, in Experiment 
6, a 1 cm diameter plastic tube through the centre of each box provided 
vertical access for watering deep layers of the soil profile. The tube 
extended to a depth of 95 cm. 
A layer of fine washed sand, 2 cm deep, at the base of each box was 
covered with a layer of acid soil 93 cm deep and a layer of organic soil 
5 cm deep. Successive additions of small amounts of soil to each box were 
tamped with a 7 mm diameter rod to give a uniform bulk density of 
-3 
approximately 1.5 g cm throughout the profile. The dry weight of soil 
in each box was 54 kg ± 0 . 2 kg. To reduce evaporation from the soil, the 
surface was covered with a 1 cm deep layer of 8 mm mesh white gravel. 
2.3 Treatments and design of experiments . 
Due to a limitation on the nwnber of root boxes available, and on the 
physical resources needed to prepare and harvest large numbers of boxes, 
the two experiments were designed to complement each other in the range 
of treatments applied. 
2.3.1 Experiment 6. Monocultures of wheat (T . aestivwn cv. Colonias) 
and barley (H. vulgare cv. Abyssinian) and a 1:1 mixture of the two 
species were sown in boxes with two soil lime treatments and two watering 
regimes in a 3 x 2 x 2 factorial experiment. The acid soil was either 
uniformly limed with 2 g Caco3 kg-lair dried soil (L treatments) or limed 
Plate 5.1 A view of the closely arranged root boxes in 
Experiment 6 with the shield of aluminium foil 
partly removed . The frame above the plants 
supported the plastic canopy used to reduce 
daylength between sowing and day 49 (Table 5.2). 
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only through its upper 40 cm, at the same rate, with the lower 55 cm of 
the profile unlimed (L/UL treatments). All boxes were well-watered from 
the surface during the first 50 days, which is hereafter called the 
pre-treatment period. During the 20-day treatment period which followed, 
boxes either continued to be well-watered (WW treatments), or were watered 
only through the access tube to maintain a layer of wet soil at least 10 cm 
deep at the base of the box (SD treatments). In the latter treatments, a 
surface drought developed as the water stored in the shallow layers of the 
soil profile was depleted. There were four equally-spaced plants in a 
single row along the centre of each box, with each species occupying 
alternate positions within the row in the 1:1 mixture treatments. As an 
intensive sampling of leaves for ~L was planned, each mixture treatment 
was sown in two boxes, so that in each replicate of each treatment both 
species were represented by four plants. 
'Th.ere were two replicates of the six SD treatments and four replicates 
of the six WW treatments, in a completely random design; two replicates 
of the WW treatments were harvested 50 days after sowing (harvest 1), 
when the differential watering treatment commenced, and the two remaining 
replicates of WW and SD treatments were harvested on days 69 and 70 
(harvest 2). There were insufficient root boxes available to desig~ an 
orthogonal experiment in which both WW and SD treatments were harvested 
before and afte~ the period of differential watering. 
2 .3. 2 Experiment?. Only the 1:1 mixture of wheat (T. aestivwn cv. 
Colonias) and barley (H. vuZgare cv. Abyssinian) described in Experiment 6 
was used. The experiment was an incomplete factorial with two soil lime 
treatments, two watering treatments, two harvests and two replicates. As 
in Experiment 6, the acid soil was either uniformly limed with 2 g CaC03 
k -1 g air dried soil (L treatments) or limed at the same rate only in the 
upper 40 cm of the profile (L/UL treatments). After a pre-treatment period 
112 
of 74 days, when all boxes were well-watered from the surface, two 
r eplicates of each lime treatment were harvested (harvest 1). During 
the following 24-day treatment period, two replicates of each treatment 
continued to be well-watered (WW treatments) and, in a further two 
replicates, water was withheld so that a total drought developed as 
water stored in the soil profile was depleted (TD treatments). The 
differentially watered treatments were harvested on day 98 (harvest 2). 
A completely random experimental design was used. 
As all boxes were sown with 1:1 mixtures and fewer samplings wer e 
planned, compared with Exper i ment 6, there was only one box of each 
treatment in each replicate. 
2.4 Management . 
Seeds of both species were germi nated on wet filter paper in the 
dark at 2s 0 c and transplanted to their respect i ve positions in the boxes 
on 11 October (Experiment 6), and 2 July (Experiment 7). Two seeds were 
planted at each position and thinned to one plant after about 6 days. 
After the initial watering, which wetted the whole profile, the boxes 
were wat ered with equal amounts of distilled water at 3- or 4-day intervals 
and weighed and watered to field capacity at about 7-day intervals. As 
transpirat i on increased, the frequency of watering also increased, so that 
from approximately day 40 onward in Experiment 6, and day 60 onward in 
Experiment 7, the boxes were watered daily and weighed at 2- or 3- day 
i ntervals. TI1e water content of the soil at field capacity was taken as 
the value of 25.4 g lOO g- 1 oven dried soil found in Experiment 5 (Chapter 4). 
From the last week of the pre-treatment period, box weights at field 
capacity were increased by 1 kg, to allow for the total fresh weight of 
Pl ants in each box. This allowance was greater than the total plant 
fresh weight per box at harvest 1, but less .than the weight at harvest 2. 
I 
At each weighing, · the boxes wer~ rotated through 180°, and their position 
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in the glasshouse also changed. 
The boxes were located in a temperature-controlled glasshouse for 
which the mean minimum and maximum temperatures during each experiment 
are given in Table 5.2. In Experiment 6, daylength was restricted 
during the pre-treatment period, as shown in Table 5.2, to stimulate 
til lering and vegetative growth of the plants, and hence ensure that 
adequate numbers of leaves were available for subsequent leaf water 
relations studies. Daylengths were reduced by enclosing the plants 
unde r a black plastic canopy from late afternoon until early morning: 
heat buildup under the canopy was minimal. 
Tabl e 5.2 
Exper iment 
number 
6 
7 
Mean daily maximum and minimum shade temperatures 
and daylength during Experiments 6 and 7. 
Glasshouse 0 Days tempe~ature ( C±S.E.) 
after 
sowing Maximum Minimum 
0-29 15.6 (0.8) 10.3 (0.3) 
30-38 16.5 (0.8) 10.9 (0.5) 
39-49 16.8 (1. 3) 10.4 (0.6) 
50-69 17.7 (0. 7) 10.1 (0.2) 
0-74 18.6 (0.3) 7.1 (0.3)' 
74-98 21. 6 (0.5) 9.8 (0.5) 
Day length 
(h) 
8 
9 
10 
13t 
lOt 
12t 
t Natural daylength; for the 0-74 day period in Experiment 7, the value 
given was for day 30. 
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The boxes i n each experiment abutted, so that the row of four plants 
in each box was 12 cm from its nearest neighbours, and the plants within 
each row were at 9 cm centres. A leaf canopy resembling that found in 
field-sown winter cereal crops had developed well before harvest 1 
(Plate 5. 2 ) . 
2 . 5 Soi i water 
Soil water potentials (~) were measured using model PT-51 Wescor 
s 
soil hygrometers, read with a Wescor HR-33T dew point microvoltimeter. 
The nominal calibration of 0.47 microvolts per bar negative water 
potential at 25°C was checked before use by reading in 0.35 M NaCl, which 
has a water potential of -1.907 MPa at 25°C, and in distilled water. The 
hygometers were inserted horizontally in soil profiles of SD and TD 
treatments , at depths of 30 cm and 60 cm, one day after the final surface 
watering. The plastic liner of the box was pierced through a 15 mm diameter 
hole in the box and the hygrometer was sealed 4 cm into the soil with 
carpenter 's putty. The depths of insertion in L/UL treatments were 
15 cm above and below the interface between lime and unlimed soil. 
Soil matric potential in the acid soil was determined at a range of 
gravimetric water contents between 0.16 and 0.10 g g-l oven dried soil . 
Subsamples of the acid soil, collected from each box at the ~nd of 
Experiment 6 , were used to determine the matric potential using standard 
pressure plate and membrane equipment . 
Water loss from the soil in Experiment 6 was calculated by a soil 
water balance method, in which the weight of water evaporated was the sum 
of the cumulative weight of water added to each box, after the initial 
watering to field capacity, and the difference between the initial and 
final plant-free weight of the box. The evaporative losses in Experiment 7 
could not be calculated as the record of water added was incomplete. 
Plate 5.2 A view of the shoot canopy in Experiment 6, 10 days before harvest 1 
(40 days after sowing). 
.... 
.... 
~ 
p, 
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2.6 Leaf water relations. 
Young fully expanded green leaves, which were well illuminated, 
were selected for leaf water potential (1L) measurements using a 
pressure chamber as described in Experiment 5. The chamber was shaded 
from direct sunlight and lined with wet paper during each series of 
measurements, in an endeavour to maintain a constant temperature and 
humidity during pressurization with dry nitrogen gas. The leaves were 
not wrapped in plastic, as suggested by Wenkert, Lemon and Sinclair (1978), 
to reduce leaf drying. 
. -1 The chamber pressure was raised at a rate not exceeding 0.2 MPa min 
until sap appeared at the cut surface of the protruding leaf and the 
pressure noted. The chamber was exhausted slowly, and the leaf was 
recut near the inner margin of the rubber seal. The section of leaf through 
the rubber seal, amounting to about 3 cm in length, had been smeared with 
grease and was discarded. The remainder of the leaf was quickly frozen 
in a rubber-stoppered test tube, by immersing the tube in liquid nitrogen. 
The samples collected in this way were stored at -15°C for the subsequent 
measurement of the osmotic potential (n) of mechanically expressed sap in 
a Wescor model C-52 sample chamber, using the dew point mode of a Wescor 
model HR-33T dew point microvoltmeter. Details of the method are given 
in Appendix 4. 
When a water stressed leaf is excised, the negative hydrostatic 
pressure acting on the xylem sap is at least partially released (Scholander, 
Hammel, Bradstreet and Hemmingsen 1965), initiating a water potential 
gradient which causes water to flow from the xylem into the leaf cells, 
and the xylem sap meniscus to retreat from the cut end. The xylem in 
the section of leaf discarded after recutting may therefore have been 
drained. Symplasmic water subsequently expressed from the frozen and 
thawed leaf section will have a lower volume than the whole excised leaf 
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and, theoretically, will be diluted by a volume of apoplastic water, which 
' includes part or all of the water drained from the xylem vessels in the 
discarded section. Apoplastic water has an osmotic potential which is 
usually greater than -0.05 MPa (Tyree 1976), so that estimates of the 
osmotic potential of mixed symplasmic and apoplastic water, mechanically 
expressed from frozen and thawed leaf tissue, will be less negative than the 
osmotic potential of symplasmic water alone. The method used for obtaining 
l eaf samples for TI measurement may therefore have · resulted in an 
underestimate of TI, particulary in severely stressed leaves. This dilution 
of the osmoticum is similor to the dilution discussed in Chapter 4, when 
sap is expressed mechanically from frozen and thawed fully turgid leaves. 
Neglecting gravitational contributions, the total water potential of 
a plant cell ('¥) is assumed to be the sum of the turgor (P), osmotic (TI), 
and matric (T) potentials 
'r'=P+TI+T 
Throughout this thesis, turgor potentials have been derived from water 
potential and osmotic potential values alone, assuming that the matric 
potential was negligible . However, this assumption may not be valid in all 
ci r cumstances. Matric potentials approach zero in fully turgid tissues, 
wh ere the forces of capillarity and the molecular imbibitional forces 
associated with cell walls and colloidal surfaces are minimised, whereas 
i n tissue under water stress, both the osmotic and matric effects increase 
and the pressure term approaches zero (Boyer 1967; Brown 1972; Shepherd 
1975). If however, matric forces are associated exclusively with the 
apoplastic water fraction, whose volume changes little over a wide range 
of Water potentials (Tyree 1976), then the increase in T with increasing 
Water stress may be negligible in leaf tissue with a high bulk elastic 
modulus. 
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Temporal changes in ~L' TI and P were estimated at intervals during 
the treatment period in both Experiments 6 and 7 from leaves sampled at 
0430 h (daily maximum ~L) and at 1400 h (daily minimum ~L) . Diurnal 
changes in ~L' TI and Pin Experiment 6 were estimated from leaves sampled 
at about 2 h intervals between 0430 h (pre-dawn) and 2000 h (post-sunset) 
on days 4 and 12 of the treatment period (54 and 62 days, respectively, 
after sowing. 
2.7 Shoot and root growth . 
Boxes were destructively sampled for estimates of shoot and root 
growth on days 50 and 69-70 (Experiment 6) and on days 75 and 98 
(Experiment 7) . 
2. 7.1 Shoot growth . The plant shoots were removed at ground level 
and immediately weighed, to -enable .correction of soil water depletion data 
discussed in 2 .5. In Experiment 6, the expanded leaves were excised near 
the ligule, and the area of green leaf was determined using a Lambda leaf 
area machine. Yellowed and dead parts of leaves together with the green 
leaf fraction and the remaining stem-leaf sheath fraction from each 
plant , were dried separately in a forced-draught oven for 24 hat 80°C 
and weighed. The amount of dead leaf in the non-green fraction appeared 
to be small. Only the undissected shoot dry weights were measured in 
Experiment 7. 
Total shoot yields, and components of the total, were compared through 
conventional analyses of variance. In addition, the effect of changes in 
the competitive relationship on the yield of the two species at the second 
harvest was assessed using the concepts of relative yield total (RYT) 
(de Wit and van den Bergh 1965) and aggressivity (A) (McGilchrist 1965). 
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The RYT and A for a 1:1 mixture are given by:-[ ~. :·b ] RYTbw = ~ + 
ybb WW 
[ ~. :·b i ~w = ~ 2 
ybb WW 
where Ybw and Ywb are, respectively, the mixture yields per box of barley 
and wheat, and Ybb and Yww are the monoculture yields per box. Both 
parameters have the advantage of placing the yields of the component 
species on a relative and directly comparable basis. For the RYT, this 
not only gives a clear indication of the relative competitive abilities 
of the components, but also actual values of any yield advantage shown by 
the mixture. Aggressivity gives a simple measure of the difference in 
the relative yield of the two species, so that a value of zero indicates 
that the species are equally competitive. 
The numerical value will always be the same for both species, but the sign 
of the dominant species will be positive and that of the subordinate 
species will be negative. Large numerical values indicate large differences 
between yields in mixture and monoculture, and hence large differences 
in competitive abilities. 
2.7.2 Root growth . The perspex side was removed from the box and 
the soil profile was sectioned with a rigid blade . Section 1 comprised 
the 5 cm deep layer of organic soil, sections 2 to 10 were successively 
deeper sections of the acid soil, each 10 cm deep, and section 11 
the 5 cm layer of soil and sand at the base of the profile. The roots 
in each section were recovered by careful washing over a coarse sieve . 
The roots were stored at - 1s0 c until their lengths were measured. The 
crowns of the four plants in each box were $eperated from the roots in 
section 1, and their dry weights added to those of the shoot . 
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Root lengths in each section of the profile were estimated from a 
linear relationship between the lengths of root in subsamples, and their 
organic matter content . Each subsample was cut into short segments and 
uniformly distributed in water over a black filter paper in a Buchner funnel . 
The water was withdrawn, and the lengths of roots on each paper was estimated 
by Marsh ' s (1971) modification of the basic intercept method described by 
Newman (1966), using a low power binocular microscope . After measurement, 
the roots were dried overnight at so 0 c in Vitreosil crucibles, weighed, 
charred to ash at 600°C for 4 hand reweighed . The loss in weight during 
ashing was the organic matter (OM) content of the root subsample, and 
hence any particles of soil adhering to the roots were excluded from the 
root weights. While this was not a potentia l source of major errors in 
the relatively small subsampl es taken for length measurement, contamination 
of the larger mass of roots, which r emained after subsampling, was 
frequently evident. These roots were dried and ashed in the same manner 
described for the root length subsamples, and from the total weight of OM, 
and relationships between subsample length and OM content, total root 
l engths were calculated for each s ection of the profile. This aspect of 
the method, and particulary the factors found which influenced the linear 
r egression relationship between root length and OM content, are discussed 
in Chapter 7 . 
2.8 Chemical ana l yses of plant shoots . 
Phosphorus and nitrogen contents of the green and non-green leaf 
fractions, at the 'second harvest of Experiment 6, were determined for each 
treatment . Leaves from the same species in each box were groW:.d together 
in a Wiley mill, and duplicate subsamples of 0 . 2 g were digested and 
colorimetrically analysed by the method of Twine and Williams (1971), 
Calcium, aluminium and manganese contents of the non-green leaf fraction, 
from SD treatments, were also determined on subsamples digested in the same 
way and analysed by atomic ab sorption spectroscopy (David 1978) . 
There was also an interesting trend in the interaction between lime and cultures 
in Experiment 6. Although the interaction was not significant, when the treatment 
sums of squares were partitioned to examine the effect of lime on total root 
-2 length within each culture, the mean length of 90,1 km m in the L/UL mixture 
was found to be grater (P < 0.05) than the mean of 70.4 km m- 2 in the L 
mixture treatment. The effect of lime treatments on root length in each of 
the two monocultures was not significant. 
ent 
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3. RESULTS 
3.1 Root growth. 
3 .1.1 Total root length. In both experiments, total root length 
approximately doubled· (P < 0. 01) during the treatment period. The change 
in WW treatments from 28 km -2 was m at harvest 1 to 76 km m -2 at harvest 
in Experiment 6, and from 44 km -2 to 76 km m -2 in Experiment 7. More m 
importantly, however, were· the effect of treatments within and between 
harvests. In Experiment 6, total root length differed significantly 
(P <0.01) between cultures, with barley monocultures tending to have the 
highest root lengths, wheat monocultures the lowest and the 1:1 mixtures 
intermediate lengths (Table 5.3). Neither lime, nor watering treatment 
significantly affected total root length, but there was an interesting 
trend in the interaction between watering treatment and cultures at the 
second harvest. Whereas total root lengths in both SD monocultures were 
85 per cent of the respective lengths in WW treatments, the mixture 
2 
treatment produced 28 per cent more root in SD than WW treatments (Table 5.3). 
The effect was even more pronounced in the tota l length of root below 55 cm 
(i.e . in the wet soil). Wheat and barley monocultures produced 2 and 19 
per cent more root, respectively, in SD treatments than in WW treatments, 
whilst in the mixture the length of root increased from 4.7 km m- 2 in WW 
-2 treatments to 9.2 km m in SD treatments (S.E. of each mean 0.92). 
In contrast, total root length in Experiment 7 was significantly 
(P < 0.01) suppressed by total profile droughting. Root length in the 
\'"'' h k - 2 cl to 53 km m- 2 1·n the TD ·~ mixture at arvest 2 was 75.8 mm compare ·
mixture (S.E. of each mean 1.03). In Experiment 7, there was also a greater 
(P < 0.01) root length in L/UL profiles than in L profiles at both harvests. 
Mean lengths at for example, 68.9 km m -2 in L/UL profiles harvest 2, were 
and 59.9 km ni -2 in L profiles (S.E. of each mean 1. 03). 
Table 5 . 3 Effect of watering treatment on total root length 
-2 (km m ) in monocultures of barley and wheat and 
in 1:1 mixtures of the two species, at each 
harvest in Experiment 6. 
Culture Watering S.E. of Harvest treatment each mean 
1 
2t 
t 
Barley Wheat Mixture 
WW 36.7 19.9 27.5 
\\TW 101.1 56.4 70.5 
SD 85.1 48.0 90.0 
Mean 93.1 52.2 80.3 
Interaction between cultures and watering treatment 
not significant (P > Q.05). Culture means· differed 
significantly (P < 0.01) at each harvest. 
2.47 
7.31 
5.17 
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3.1.2 Root density in Experiment 6. -3 !,lean root density (cm cm 
soil) in each box followed similar trends to total root length, with 
the only statistically significant treatment effect again occur r io 
between cultures (P < 0.01). At harvest 2, for example, root densities 
-3 . -3 
were 10.6 cm cm in barley monocultures, 6.5 cm cm in wheat 
monocultures and 9.7 cm cm- 3 in the 1:1 mixtures (S.E. of each mean 
0.57). However, the shape of root profiles differed significantly 
(P < 0.01) at both harvests, and treatment effects also differed between 
strata at different depths. Individual treatment means for both harvests 
are shown in Figure 5.1. There are several important effects in Figure 5.1 
which need special emphasis: 
(i) Root densities in all sections of the profiles of WW treatments 
doubled in the 19 days between the two harvests, indicating 
a high root growth rate potential for both species in the late 
phase of vegetative growth. 
Figure 5.1 Effect of watering treatment on root density (cm cm- 3 
soil) in (a,b) barley monoculture, (c,d) 1:1 mixture 
and (e,f) wheat monoculture treatments in limed-
unlimed (a,c,e) and limed (b,d,f) soil in Experiment 
6. Root densities are ·shown for WW treatments at 
harvest 1 (•-•) and harvest 2 (•-•) and for SD 
treatments at harvest 2 (o-o). Horizontal bars are 
-3 one S.E. of the mean; S.E. less than 1.0 cm cm 
are not shown. (Root lengths in the 0-5 cm deep 
section of the -3 profile ranged from 10.8 cm cm to 
21. 0 -3 at harvest 1, and from 23 .9 cm cm -3 cm cm 
58.0 -3 at harvest 2, and are not shown.) cm cm 
to 
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(ii) Barley roots were effectively restricted to limed strata 
of the profile . In WW treatments, root densities in 
barley monocultures, in almost all sections to a depth of 
55 cm, were greater in L/UL treatments than in L treatments; 
these differences were evident at both harvests, and in many 
cases, exceeded 100 per cent of the · length in L treatments. 
There were similarly large differences between SD treatments 
at harvest 2, and especially in the section 45-55 cm deep 
-3 where roo t densi t y in the L/ UL treatment was 15.2 cm cm 
-3 
compared with 5.0 cm cm in the L treatment. 
(iii) Within soil treatments of the barley monoculture, there was 
an overall trend toward lower root densities in SD than in 
WW treatments, except in the 45-55 cm deep strata in L/UL 
profiles, and below 85 cm in L profiles, where root densities 
in WW treatments were between 48 per cent and 64 per cent of 
those in SD treatments. These strata corresponded with the 
areas of soil moisture replenishment, being the root-free wet 
soil profile below 55 cm in L/UL treatments, and the watered 
section below 90 cm in L treatments. 
(iv) There was substantially less proliferation of wheat roots 
below 85 cm, in response to surface droughting, in the monoculture 
(Figure 5. le, f) than in the L/UL treatment of the 1: 1 mixture 
(Figure 5.lc). At all depths in wheat monocultures, differences 
in root density due to lime treatment and to watering treatment 
were mostly small, and not statistically significant. 
(v) Treatment effects on root distribution in the 1:1 mixture were 
more pronounced at harvest 2 than at harvest 1. In strata to 
a depth of 55 cm, root densities in L/UL treatments were greater 
than in L treatments in both WW and SD treatments. However, as 
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with barley monoculture treatments, surface droughting in L/UL 
profiles induced an extraordinary proliferation of roots at 
depths between 45 and 55 cm. The data from barley and wheat 
monocultures suggested that this effect occurred only in barley 
treatments (Figure 5.la,e), and assuming that the increase in 
root density in the 1:1 mixture treatment was due solely to 
the response of the barley component, the proliferation of 
barley roots on a per plant basis, did not differ between the 
monoculture and 1:1 mixture treatment (Table 5.4). Under 
well-watered conditions, the proliferation of barley roots was 
less marked than in the SD treatments, although there appeared 
to be a difference between the mixture and monoculture treatment 
(Table 5.4) . 
Table 5.4 Effect of restricting the depth of penetration of barley 
roots to 55 cm and watering treatment on barley root 
-3 density (cm cm ) between soil depths of 45 cm and 55 cm 
in mixture and monoculture treatments at harvest 2 . 
Treatment 
Monoculture, WW 
Mixture WW 
Monoculture, SD 
Mixture SD 
Number of 
barley 
plants 
4 
2 
4 
2 
-3 Root density (cm cm ) 
Restricted 
to 55 cm 
Restricted 
to 100 cm Difference 
8.84 
7.70 
15.20 
10.32 
7.14 
5.09 
5.01 
4.53 
1. 70 
2 .61 
5.79 
Additional root 
( -3 growth cm cm 
-1 barley plant ) 
0.43 
1. 31 
2.55 
2.90 
125 
(vi) In each of the strata below 55 cm, there were roots from only 
two wheat plants in L/UL mixture treatments, and from two 
plants of each species in L treatments. Root denities in both 
WW and SD treatments of the limed profile were also more than 
twice those of the L/UL profile (Figure 5.lc,d). 
The total length of root in 1:1 mixture treatments could not be 
partitioned into lengths for each of the component species, so that the 
influence of the identity of neighbouring plants on the root growth of 
a reference plant could not be assessed by an established function, 
such as aggressivity (McGilchrist 1965). However, a difference between 
the combined root growth in both species in mixture, and the mean of 
the monocultures of the two species, would indicate a response in one 
of the species to a change in . the identity of its neighbours. It would 
not detect differential responses which were of the same order in both 
species, but of different sign, and hence cancelled out in the mean 
response. These calculations were made for similar treatments of 
mixture~ andmonocultures in Experiment 6, and are given in Figure 5 . 2 
as deviations (Z) from the expected value of Z = 1, where Z is given 
by: 
Yi(L + Lbb) WW 
and Lbw' Lww and ~bare root lengths in corresponding sections of 
similarily watered and limed profiles of 1:1 mixture, monoculture wheat 
and monoculture barley treatments, respectively. The deviations are 
therefore the difference between root densities in th~ mixture qnd the 
mean of the two monocultures expressed as a proportion of the mean 
monoculture density . Negative deviations indicate that the root density 
in mixture was less than the mean of the monocultures. In WW treatments, 
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irrespective of lime treatment or harvest, the root density in mixture 
was close to that expected from root growth responses of the two species 
in monoculture (Figure 5.2). However, with surface drought, the 
mixture produced more roots than expected, especially in the L/UL 
treatment (Figure 5.2f). In the L/UL treatment, the greater than 
expected proliferation in strata to a depth of 55 cm may have been due 
to a response by either or both of the species, but as only wheat roots 
penetrated below 55 cm, the large response in deep strata of the 
profile was attributable directly to an altered growth response of wheat 
between the monoculture and mixture treatments. Mean responses, 
calculated from the total length of root in each treatment were -0.06 
and +0.002 for L/UL and L treatments, respectively, at harvest 1; at 
harvest 2 the responses in WW- treatments were -0.04 (L/UL) and -0.17 (L) 
compared with +0.83 (L/UL) and no change (L) in SD treatments. 
A further indication of the difference in root growth response to 
surface droughting, between mixtures and monocultures, was evident from 
a closer examination of the data for the increase in root density between 
harvests. For the following calculations it has been assumed that root 
densities at harvest 1 were identical in well-watered and droughted 
'treatments, and hence validly estimated by the sampling of only WW 
treatments. The increases (Table 5.5), expressed as the ratio between 
wet and dry treatments, showed only small differences between the 0.76 
of the mixture and the 0.92 to 1.07 of the monocultures in fully limed 
profiles, where both species had the opportunity to exploit the same 
reserves of edaphic resources. In L/UL soil profiles however, the 
ratio differed more than two-fold between the mixture and monocultures, 
with the increase in root length in SD treatments exceeding that in WW 
treatments only in the mixture treatment. 
Table 5.5 
Experiment 
6 
7 
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Ratio (B) of the increase in root length (6L) between 
well-watered (W) and droughted (0) treatments during 
the treatment pe.riod in Experiments 6 and 7 (B=6LW/ 6L0) . 
Lime 
treatment 
L/UL 
L 
L/UL 
L 
Culture 
Barley Wheat 
monoculture monoculture 
1.82 1.92 
1. 07 0.92 
1:1 mixture 
0.79 
0.76 
5.94 
2.48 
3.1.3 Root density i n Exper iment? . As in Experiment 6, the 
distribution of roots between strata of the soil profile differed 
significantly at both harvests (P < 0.01), and there were significant 
differences in treatment effects between profile depths. Individual 
treatment means for both harvests (Figure 5.3) showed that the total 
drought produced some different root growth responses to those observed 
in the surface droughted treatment in Experiment 6 (Figure 5.1). In 
Experiment 7, root lengths in almost all strata of L/UL treatments again 
exceeded those in L treatments in both i~v and TD boxes . However, the 
proliferation of roots between depths of 35 and 45 cm in L/UL treatments 
was not enhanced by the TO treatment (Figure 5.3a), . as was the effect 
of SO between depths of 45 and 55 cm in Experiment 6 (Figure 5.lc). 
Indeed, root lengths in many sections of the TO profiles between O and 
55 cm in L/UL and L treatments did not increase, dr increased only 
marginally, during the treatment period. Between 55 cm and 95 cm, root 
lengths in TO treatments were intermediate between,and differed 
significantly from, those of WW treatments at both harvests. 
Figure 5.3 Effect of watering treatment on root density 
(cm cm- 3 soil) in sections of (a) L/UL and 
(b) L soil profiles in Experiment 7. Root 
densities are shown for WW treatments at 
harvest 1 (!------.l ) and harvest 2 (e~e) and 
for TD treatments at harvest 2 (o~o) . 
Horizontal bars are S.E. for comparing means 
in (i) all WW treatments and (ii) in all 
treatments _at harvest 2. 
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The small amount of root growth in TD treatments during the 
treatment period was also shown by the high value of the ratio between 
corresponding WW and TD treatments (Table 5.5). Root growth during 
the treatment period was severely curtailed by drought in both 
treatments, but particulary the L/UL treatment, so that both treatments 
contrasted strongly with the · relative enhancement of root growth, in 
SD treatments, in Experiment 6. 
3.2 Shoot growth. 
3.2.1 Total shoot yield in each treatment. Differences between 
total shoot yields at harvest 1 were small in both experiments; 
only in Experiment 6 were the differences statistically significant 
(Table 5.6). Yields in the 1:1 mixture treatments were usually intermediate 
between those of barley and wheat monocultures, with the wheat monoculture 
always producing the lowest yields. In the barley monoculture of 
Experiment 6, yields in uniformly limed treatments exceeded those in 
-1 L/UL treatments, so that the overall lime treatment means of 20.7 g box 
-1 
.and 17.5 g box differed significantly (P < 0.05). The pattern of 
treatment effects on total yield at harvest 1 were reinforced in the 
same well-watered treatments at harvest 2 (Table 5.6). Yields between 
harvests more than doubled (P < 0.01) in both experiments, but the effect 
of the lime treatment substantially altered the pattern of yield responses 
among the three cultures in Experiment 6. In fully limed treatments the 
yield of the mixture treatment of 69.7 g box-l was again intermediate 
between the monoculture yields, and did not differ significantly from 
-1 their mean of 78.7 g box However, in the L/UL treatment, where there 
was a species differentiation in the depth of root penetration, and 
hence some separation of root niches, the mixture yield slightly, but 
not significantly, exceeded that of the barley monoculture, and both 
exceeded the yield of the wheat monoculture treatment. 
Table 5.6 Effect of lime treatment on total shoot yields 
Cg box-l) f 11 d o we -watere monoculture and 1:1 
mixture treatments at both harvests in 
Experiments 6 and 7. 
Lime Experiment 6 
131 
Experiment 7 
Harvest treatment S.E. Barley Wheat 1: 1 of S.E. of 1:1 
1 
2 
L/UL 
L 
L/UL 
L 
monoculture 
18.7 
23.5 
71. 6 
101.7 
monoculture 
16.1 
18.1 
44.6 
55.7 
mixture 
18.1 
20.4 
72.6 
69.7 
each 
mean 
1. 01 
5.47 
mixture 
59.1 
54.0 
136.7 
131. 5 
The suppression of total shoot yield through droughting was influenced 
by the species compos ition of the treatment, by lime treatment and by the 
type of drought imposed (Table 5.7). Yields of wheat monocultures in 
Experiment 6, tended to be lower in SD treatments than WW treatments, but 
with no significant decline within lime treatments. The depth of wheat 
root penetration was unaffected by lime treatment (Figure 5.1), so that 
wheat plants were always in contact with wet soil. The mean shoot yield 
of WW barley monocultures in fully limed soil, was 50 per cent greater 
(P < 0.01) than the yield in both the L/UL treatment and the uniformly 
limed SD treatment. In both the latter treatments, water uptake during 
the treatment period, and hence nutrient uptake, were restricted to the 
upper and lower parts of the profile respectively; although there was 
root growth compensation · (Figure 5.la,b), it was insufficient to overcome 
the effect on shoot growth of a restricted soil volume. Root growth 
compensation was particulary evident in the WW treatments, where total 
each 
mean 
3.81 
4.04 
root length in the L/UL treatment was 99 
-2 
132 
-2 km m , compared to 
103 km m (P > 0.05) in the L treatment. A more severe suppression 
of barley shoot yields occured as a result of SD in the L/UL treatment 
(Table 5.7), where water additional to that stored in the soil-root 
volume at the commencement of the surface drought, could only have been 
supplied through pararhizal movement from the deeper layers of wet, 
root free soil. 
Table 5.7 
Watering 
treatment 
Wet 
Droughted 
Effect of lime and drought treatment on total shoot 
-1 yields (g box ) of monoculture and 1:1 mixture 
treatments in Experiments 6 and 7. The effects of 
the same treatments OP total evapotranspiration 
-1 (kg box ) in Experiment 6 are shown in parenthesis. 
(A surface drou&ht was imposed in Experiment 6 and a 
total drought in Experiment 7. Data are for the final 
harvest in both experiments). 
Lime Experiment 6 
treatment Barley Wheat 1:1 
monoculture monoculture mixture 
L/UL 71. 6 (18,1) 44.6 (11.4) 72.6 (18.6) 
L 101.7 (24.8) 55.7 (12.9) 69.7 (17.7) 
L/UL 32.3 ( 8.4) 36.8 (10 .7) 45.7 (11.7) 
L 72. 3 (17.9) 49.7 (11.3) 62.6 (16.4) 
S.E. of each mean 5.47 (1.22) 
Experiment 
1:1 
mixture 
136.7 
131. 5 
79.6 
72. 8 
4.04 
7 
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Yields in the 1:1 mixture treatments were an amalgam of the 
responses of the two monocultures. In the three mixture treatments, 
where the roots of both species were in wet soil, total yields did not 
differ significantly (Table 5.7), but in the surface droughted, L/UL 
treatment, and both total droughted treatments (Experiment 7), total 
shoot yields were suppressed significantly. The total drought reduced 
the mean shoot yields in both lime treatments by more than ·40 per cent, 
compared with a reduction of less than 10 per cent when both plants had 
water at depth in SD treatments (Table 5.7). 
The total yield of mixture treatments was comprised of the yields 
of two species, which were found to differ between mixture and monoculture 
treatments. These effects are shown in the following section. 
Table 5.8 Effect of lime and watering treatment on per plant shoot 
dry weights (g) of barley and wheat in monoculture and 
mixture at each harvest in Experiment 6. (Each mean is 
for eight plants). 
Treatment Barley Wheat S.E. of Harvest Water Lime Monoculture Mixture Monoculture Mixture each mean 
1 WW L/UL 4.7 5.0 4.0 4.0 
0.41 
L 5.9 5.7 4.5 4.5 
2 WW L/UL 17.9 25.6 11.1 10.7 
L 25.4 26.6 13.9 8.2 
1. 34 
SD L/UL 8.1 13.2 9.2 9.7 
L 18.1 23.6 12.4 7.6 
Mean 17.4 22.3 11. 7 9.1 0.67 
Table 5.9 
Harvest 
1 
2 
Effect of lime and watering treatment on shoot dry 
-1 
~eights (g plant ) of barley and wheat components 
of the 1:1 mixture in Experiment 7. (Each mean is 
for four plants). 
Treatment 
Water 
WW 
WW 
TD 
Lime 
L/UL 
L 
L/UL 
L 
L/UL 
L 
Barley 
17.6 
15.0 
36.2 
42.5 
21.3 
20.6 
Wheat 
12.0 
12.0 
32.2 
23.3 
19.3 
15.2 
S.E. of each mean 
0.81 
1.09 
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3.2.2 Per plant shoot yei l ds. At the first harvest of both experiments, 
barley shoot weights in most cases exceeded (P < 0.05) those of wheat in 
the same treatment; in Experiment 6, the yields of each species at the 
first harvest did not differ between monoculture and mixture treatments 
having the same lime treatment (Tables 5.8, 5.9). 
At the second harvest, larger and more important differences were 
evident. In both monocultures and mixtures of WW and SD treatments, 
barley shoot yields were, with one exception, higher in L than in L/UL 
treatments. The exception was in the WW mixture treatment in Experiment 6, 
-1 -1 
where shoot yields of 26.6 g plant in the L treatment and 25.6 g plant 
in the L/UL treatment were not significantly different. With a total 
drought in Experiment 7, there was also no difference between barley 
shoot yield5, between Land L/UL treatments (Tables 5.8, 5.9). In contrast, 
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wheat shoot yields showed opposing trends between monoculture and 
mixture treatments. Whereas in monoculture, yields tended to be 
higher in L than L/UL treatments, and therefore of similar trend to 
barley, yields in mixture tended to be higher in L/UL treatments than 
L treatments, irrespective of watering treatment (Tables 5.8, 5.9). 
At harvest 2, the largest differences in per plant yields 
between barley and wheat in mixture, occurred in L profiles of all 
watering treatments, where both species shared the same soil volume 
(Tables 5.8, 5.9). Where there was a differential depth of root 
penetration, the difference between the two species was smaller due 
both to a suppression of barley shoot yield and an increase in wheat 
shoot yield, but only in the TD treatment in Experiment 7 were the 
yields not significantly different (Table 5.9). Within each water-lime 
treatment, barley shoot yields either increased significantly between 
the monoculture and mixture treatment, or were unchanged, whereas 
wheat shoot yields were invariably unchanged in L/UL treatments and 
significantly suppressed in L treatments (Table 5.8). Therefore, in 
terms of total box yields in Experiment 6 (Table 5.7), the mixture 
yields in WW, L/UL and SD, L treatments were not different from their 
respective monoculture barley yields, because the per plant yield of 
the higher yielding barley component increased between the monoculture 
and mixture treatment. The mixture yield inthe SD, L/UL treatment, 
exceeded that of barley monoculture because individual barley shoot 
yields were more suppressed in monoculture than in mixture, and wheat 
shoot yields tended to increase, though not significantly, reversing 
the trend which was evident in all other treatments (Table 5.8). 
3.2.3 Green leaf area and leaf dry weight. Both green leaf area 
and leaf dry weight per plant, at harvest 1, were significantly (P <0.05) 
higher in L treatments than in L/UL treatments. The respective areas and 
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2 2 2 leaf weights were 990 cm and 780 cm (S.E. of each mean 50 cm) and 
3. 55 g and 3. 02. g (S.E. of each mean 0.14 g). Leaf areas, but not 
dry weights, differed (P < 0.01) between wheat and barley, but not 
between monoculture and mixtures within each species (Table 5.10), as 
a result of differences in specific leaf weights. Specific weights of 
-2 
wheat leaves of 4.8 mg cm at harvest 1 were more than 58 per cent 
higher than that of 3.0 mg cm- 2 in barley leaves. 
Table 5.10 Effect of watering and lime treatments on green 
2 -1 leaf area (cm plant ) and green leaf dry weight 
-1 (g plant ) of barley and wheat plants grown in 
monoculture and 1:1 mixture in Experiment 6. 
(Green leaf weights are given in parenthesis). 
Harvest Treatment Barley Wheat 
Water Lime Monoculture Mixture Monoculture 
1 WW t 1040(3.1) 1120 ( 3.4) 700(3.3) mean 
S.E. of each mean 70.9 (0.20) 
2 WW L/UL 1380(4.5) 2270( 7.6) 1000(3.7) 
L 2080(7.2) 3170(10.3) 1190(4.5) 
SD L/UL 490(1.8) 840( 3.4) 820(2.7) 
L 1290(4.9) 2760( 9.8) 850(3.1) 
S.E. of each mean 133.7 (0.49) 
t Mean effect for L/UL and L treatments. Interaction between 
Mixture 
680(3.3) 
860(3.1) 
540(2.0) 
520(2.1) 
440(1.7) 
species composition and lime treatment not significant (P -> 0.05). 
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At harvest 2 , the mean specific green leaf weight for barley was 
-2 -2 3 . 56 mg cm , and for wheat 3 . 70 mg cm , so that the trend of 
treatment effects on green leaf area per plant, and green leaf dry 
weight, were similar (Table 5 . 10) . Surface droughting significantly 
suppressed barley green leaf area in each treatment . Final green leaf 
areas of barley in the SD, L/UL treatments were 36 per cent and 37 per 
cent of the area in WW, L/UL treatments for monocultures and mixtures 
respectively, and 47 and 75 per cent respectively of green leaf 
areas at the commencement of the treatment period . There was also a 
trend to lower green leaf areas in SD wheat treatments, but the effect 
was statistically significant only in the L/UL mixture treatment, where 
the area in the SD treatment was 40 per cent less than that in the WW 
treatment, and in the L monocµlture treatment, where green leaf area 
was 29 per cent less than in the WW treatment. However, with the 
~ to 
exception of the WW , L/UL treatment, wheat leaf area!decline 
in mixture treatments between harvests. Reductions ranged from 40 per cent 
in the SD, L treatment to 17 per cent in the SD,L/UL treatment . 
Leaf area per barley plant in each water-lime treatment at 
harvest 2, was significantly greater in mixture than in monoculture; 
however, in wheat there was often a significantly higher leaf area per 
plant in monoculture than in mixture (Table 5 . 10). In both monoculture 
and mixture treatments of each watering regime, leaf area of barley 
plants was significantly higher in L than L/UL treatments; in wheat 
treatments there was no change, and in the case of the WW mixturetreatment 
a significant decline occurred between L/UL and L treatments (Table 5.10) . 
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Table 5 . 11 : Effect of lime and watering treatment on relative 
Variable 
Shoot DW 
Green leaf 
area 
yield total (RYT) and aggressivity (A_ 1 ) calculated 1 · ·bar ey from shoot dry weight (g plant-) and green leaf area 
-1 (cm plant ) data at the final harvest of Experiment 6. 
(A values for wheat are of the same numerical size but 
of opposite sign to those shown in barley. Eachvalue 
is the mean for four plants). 
RYTt t A barley 
Lime S.E. of Treatment Watering treatment 
each Watering treatment 
WW SD mean WW SD 
L/UL 1.19 1. 34 0.24 0.29 
0.055 
L 0.82 0.96 0.23 0 . 35 
Mean 1. 01 1.15 0.039 0 . 23 0 . 32 
L/UL 1. 25 1. 18 0.40 0.54 
0 . 066 
L 0.98 1. 33 0.54 0 . 81 
Mean 1. 12 1. 26 0.046 0.47 0.68 
t Interaction between lime and watering treatments was statistically 
significant (P < 0.05) only for green leaf area RYT. Simple effect 
means for Land L/UL treatments (not shown in the table) differed 
significantly in each of the four analyses shown, except for shoot 
dry weight aggressivity. 
3.2.4 Relative changes i n tot al shoot dry weight and green leaf area 
between monocultures and mixture treatments. Relative yield totals 
S.E . of 
each 
mean 
0.036 
0.025 
0 . 034 
0.024 
(RYT) for total shoot dry weight at the final harvest of Experiment 6 
differed significantly only between lime (P < 0.01) and watering (P < 0.05) 
treatments (Table 5.11). In uniformly limed profiles, where there was no 
root niche separation . and both species had an equal opportunity to exploit 
the complete supply of edaphic resources, RYT was less than 1, and 
hence mixture yields were less than those expected from the mean 
monoculture yields. In L/UL profiles, where there was some separation 
of root niches, RYT exceeded 1 in both WW and SD treatments. As 
expected from the shoot dry weight data, barley was more competitive 
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than wheat, and this was confirmed from calculations of aggressivity (A). 
Barley was more aggressive (P < 0.05) than wheat in SD than WW treatments, 
and its aggressivity did not differ significantly between Land L/UL 
soil profiles within each watering treatment (Table 5.11) . Conversely, 
wheat was more competitive in WW than in SD treatments. 
The RYT and A for green leaf were in general greater than those 
given for shoot weights, indicating that green leaf area changed 
relatively more than shoot dry weight in response to the imposed 
treatments. Green leaf areas of the mixture treatments exceeded the 
expected values, except in the WW, L treatment . The largest increase 
was 33 per cent in the L, SD treatment where the difference in competitive 
abilities of the two species was greatest (Table 5.11). 
3.3 Shoot:root ratio in Experiment 6. 
The ratio of shoot dry weight to root dry weight (organic matter 
only) was calculated only for monoculture treatments, as the roots of 
each species were not separated in mixture treatments. At harvest 1, 
the ratio of 9.4 in wheat treatments was significantly (P < 0.01) higher 
than in barley treatments (6.4), and within each species was significantly 
(P < 0.05) higher in L than L/UL profiles (Table 5.12). The differences 
were further accentuated at harvest 2 by the SD treatment (Tabl~ 5.12). 
Overall, surface droughting reduced the ratio, with a large reduction 
to 5.1 for barley in L/UL treatments . There was an increase to 9.9 for 
wheat in the L/UL treatment, which was larger than wheat in the WW, L/UL 
Table 5.12 
Harvest 
1 
2 
Effect of lime and watering treatment on the ratio of 
shoot dry weight (g) to root dry weight (organic 
matter fraction (g)) in monocultures of wheat 
and barley in Experiment 6. 
Watering Limed-unlimed Limed S.E. of 
Treatment Wheat Barley Wheat Barley each mean 
WW 8.8 5.7 10.0 7 . 2 0.39 
WW 8.4 8.1 11. 9 11.1 
0.50 
SD 9.9 5.1 10.1 8.2 
treatment, and not significantly different from the ratio for wheat in 
the SD, L treatment. 
3.4 Temporal and diurnal changes in leaf water relations. 
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3.4.1 Temporal patterns in Experiments 6 and 7. Temporal trends in 
both leaf water potential (~L) and turgor potential (P) did not differ 
between treatments, except in the surface droughted treatments where 
the roots did not penetrate to the deep, wet soil strata (Experiment 6, 
Figure 5.4), or where watering ceased irrespective of the depth of root 
penetration (Experiment 7, Figure 5.5). The temporal trends for all 
well-watered treatments, and for wheat in SD treatments~ were similar 
in Land L/UL soil profiles, so that only data from the latter treatments 
are presented. In all cases, maximum ~L was always greater than -0.3 MPa, 
and minimum values measured at 1400 h during the 20 day sampling period 
were between -1.0 MPa and -1.5 MPa. Maximum P was between 0.5 MPa and 
1.3 MPa, and minimum values were within 0.2 MPa of zero turgor. TI1e 
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Figure 5.4 : Temporal trends in le~f water pote~tial (~L) and leaf turgor potential (P) in Experiment 6, for 
'barley and wheat plants grown in monoculture and mixture in L/UL soil profiles which were 
well-watered and surface droughted, (a) barley monoculture, (b) barley in mixture, (c) wheat in 
mixture and (d) wheat monoculture. ~L (closed symbols) and P (open symbols) were measured at 
0500 h (broken lines) and at 1430 h (solid lines). Vertical bars are one S.E. of the mean; S.E. 
less than 0.05 MPa are not shown. 
~ 
.j:>. 
~ 
Figure 5.5 Temporal trends in leaf water potential in 
Experiment 7 at 0500 h (broken lines) and 
1430 h (solid lines), for 1:1 mixtures of 
barley and wheat in (a) L/UL and (b) L 
profiles. Mean leaf water potentials for 
wheat and barley are shown for each sampling 
of WW treatments (e). Values for wheat (a) 
and barley (•) in TD treatments are depicted 
separately. Where S.E. were greater than 
0.06 MPa they are shown by vertical bars. 
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slightly negative turgor potentials in Figure 5.4 may have been due 
to either or both of two factors: 
(i) Osmotic potentials of sap expressed mechanically from frozen 
and thawed leaf tissue underestimate the symplasmic osmotic 
potential, due to a dilution of the osmoticum with apoplastic 
water which has an osmotic potential close to zero (Tyree 
1976). 
(ii) Turgor potential estimated indirectly from ~Land osmotic 
potentials are subject to the cumulative errors of both 
estimates. For these reasons a negative P of O. 2 MPa has 
been considered within the limits of experimental accuracy, 
and hence not different from zero turgor. 
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In L profiles, where the _roots of both species penetrated to the 
base of the soil profiles, both maximum and minimum ~L tended to be lower 
in SD treatments, when water was available only in deep strata, than in 
WW treatments. For example, mean minimum ~L of barley in mixture for 
the last 12 days of the treatment period was -1.44 ±0.81 Mra in SD 
treatments and -1. 24 ± 0. 71 MPa in WW treatments; mean values at dawn 
during the same period were -0.24 ±0.02 MPa and -0.13 ±0.01 MPa 
respectively . The differences for the wheat component of the mixture 
were -0.08 MPa at 1400 hand -0.06 MPa pre-dawn. 
The nature of the drought, and the identity of neighbouring plants, 
each influenced the pattern of development of water stress in both 
experiments. In Experiment 6, barley ~Lin L/UL, surface droughted 
treatments, declined more rapidly in monoculture than in mixture during 
the first 10 days, possibly due to a larger green leaf area per box in 
the former treatment at day O (Table 5.10). However, in the second 
half of the treatment period, water potentials were lower in the barley 
plants in mixture with wheat, than in monoculture, and unlike the 
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monoculture treatment showed no tendency to recover. Final estimates 
of water potentials in the mixture treatment did not differ significantly 
(P >0.05) from the lowest values observed during the treatment period, 
whereas in monoculture, minimum ~Lat day 20 had recovered by 0.3 MPa, 
maximum ~L by 0.7 MPa, and maximum P by almost 0.7 MPa. There was no 
recovery in minimum Pin the monoculture treatment (Figure 5.4). Total 
daily solar radiation did not change substantially during the latter 
part of the treatment period (Figure 5.6). 
With total drought, water in deep soil layers of mixture treatments 
was depleted more slowly in L/UL profiles than in L profiles. In the 
L/UL profiles, the deeper rooting wheat component used water from the 
unlimed layer of the profile more slowly than the combined use by both 
species from the shallower limed layer. Therefore, leaf water deficits 
were evident earlier, and were ultimately more severe, in the shallow 
rooting barley component, than in wheat (Figure 5.5a). The slower rate 
of water use by wheat was of no advantage in droughted, L profiles 
where there was no separation of root niches. In that treatment, leaf 
water deficits declined linearly between day 6 and day 24, and did not 
differ between the two species (Figure 5.5b). The decline in dawn 
turgor in the L treatment, with increasing stress, was similar to that 
of ~L (Figure 5.7b), and the difference between the species was not 
significant at either 0500 h or at 1430 h. However, in the L/UL 
treatment, turgor at 1430 h was zero in both species from day 7 onwards, 
whereas wheat maintained a higher dawn P than barley until day 20 
(Figure 5.7a). 
3.4.2 Diurnal patter>ns in Experiment 6. Patterns of leaf water 
potential (~L) and leaf turgor potential (P) were similar for each 
species in well-watered monoculture and mixture treatments in both 
L/UL (Figure 5.8) and L soil profiles (Figure 5.9). The patterns were 
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also similar for wheat in surface droughted treatments. Pre-dawn ~L 
were usually greater than -0 . 2 MPa, declined to a minimum value of 
approximately -1.4 MPa at about 1400 h, and recovered rapidly after 
sunset to values greater than -0.3 MPa before 2100 h. The patterns 
were similar on days 4 and 12 of the treatment period, but the absolute 
values were between O MPa and 0.3 MPa lower on day 12 than on day 4. 
Leaf turgor potential was at a maximum of approximately 1.0 MPa before 
dawn and after 1900 h, and declined to reasonably steady minimum values 
between 1000 hand 1400 h. The minimum values were less than 0.2 MPa, 
but at day 12 the leaves were consistently at zero turgor between 
1000 hand 1400 h, and had significantly lower P values than leaves 
sampled at the same time on day 4. 
These general diurnal patterns were different from those of 
surface droughted barley in monoculture and mixture treatments in L/UL 
profiles (Figure 5.8), but not in L profiles (Figure 5.9). In the 
former treatments, the depth of root penetration of barley was restricted 
to 55 cm by the unlimed soil layer, so that in SD treatments the shallow 
rooting barley plants relied solely on moisture stored in the soil. 
The diurnal patterns of ~Land Pon day 4 did not differ from all other 
treatments, but as soil moisture reserves were depleted, absolute values 
of ~Land P were significantly lower than values at corresponding times 
on day 4 (Figure 5.8). The largest difference was 2.0 MPa in ~Land 
1.1 MPa in P. Not only were ~Land Plower, but their diurnal range 
was also substantially redu~ed, so that P for example, was less than 
0.4 MPa before dawn, declined to zero soon after sunrise and re~ained 
at that value throughout the remainder of the sampling period. This 
pattern was similar for barley in both the monoculture and mixture 
treatments, but ~L tended to be significantly lower in the mixture than 
in the monoculture treatment (Figure 5.8). 
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3.4.3 Effect of Leaf wat er de fici t s on osmotic adjustment. Values 
of leaf osmotic potential in· WW treatments were between -0.9 MPa 
and -1.0 MPa at full turgor in both experiments and declined to between 
- 1.3 MPa and -1.4 MPa at zero turgor (Figures 5.10, 5.11). In stressed 
leaves however, TI was lower than in wet leaves at all values of ~L 
s tudied, and had declined to approximately -2.0 MPa at zero turgor in 
both experiments. There was no indication that this response in osmotic 
adjustment differed between barley in monoculture or in mixture 
(Experiment 6), despite differences in the temporal patterns of leaf 
water deficits between the two treatments (Figure 5.4); similarly, no 
differences were apparant between wheat and barley in Experiment 7, 
where both the extent and rate of development of leaf water deficits 
i n the TD treatments, differed between species according to the soil 
lime treatments (Figure 5.7) and hence the depth of root penetration. 
The effect of osmotic adjustment on leaf turgor potential is shown 
i n Figures 5.12 and 5.13. In both experiments the treatment period was 
divided into two parts: up to day 8 in Experiment 6, and day 10 in 
Experiment 7, ~Lin water stressed treatments did not differ from the 
WW controls and after days 8 and 10 respectively, ~L deviated 
progressively farther from the values for wet leaves (Figures 5.4, 5.5). 
In the first part of the treatment period, P did not differ between 
WW and water stressed treatments at the same values of ~L (Figure 5.12a). 
However, in response to increasing leaf water deficits, P declined more 
slowly in SD leaves than in WW leaves, and at each value of ~L was 
higher in the SD treatments than in the WW treatments (Figures 5.12b, 
5.13). At zero turgor, ~L differed by 0.7 MPa between the two 
treatments in both experiments. 
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3 . 5 Soil water. 
3.5.1 SoiZ water potentiai. The soil water retention curve from 
Experiment 6 showed that the gravimetric water content of the acid 
soil declined rapidly between field capacity and water potentials 
greater than -0.4 MPa, and only slowly at lower pote~tials (Figure 5.14). 
Between day 11 and day 20 of the drying cycle in Experiment 6, 
soi l water potential (~ ) at a depth of 33 cm declined linearly in 
s 
al l SD treatments, with the rate of decline being higher in L/UL 
profiles than in L profiles (Figure 5.15). In the L/UL treatments, 
rate of soil water depletion was highest in the barley monoculture, 
the 
intermediate in the mixture and least in the wheat monoculture (Figure 
5.15a). The higher rate of depletion in the barley monoculture than 
in the mixture was indicative of t he lar ger reduction in barley green leaf 
area during the treatment period in the monoculture than in the mixture 
(Table S .10). However,~ at 33 cm from day 15 onwards, were invariably 
s 
lower than the dawn ~L (Figure 5.4), indicating that the plants had 
access to water at other depths in the soil profile. This was 
particulary evident from ~ in the SD treatments at harvest 2. At a 
s 
depth of 63 cm)which was below the depth of root penetration in the 
L/UL barley monoculture)~s was -0.05 MPa, compared with -0.2 MPa at the 
same depth in the L/UL mixture treatment. This difference in potential 
correspon<led with a reduction in so i l water content of about SO per cent 
(F i gure 5.14), and adds further weight to the hypothesis that the 
recovery observed in ~Lin the barley monoculture treatment (Figure 5.4) 
was due to the combined effect of an upward flux of soil water ana the 
large reduction in green leaf area. In the mixture treatment, soil water 
at 63 cm was largely depleted, reducing the opportunity for recovery of 
barley ~L through recharging of the soil-root volume with water from 
deeper soil layers. In the fully l i med profiles, water was depleted 
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Relationship between matric water potential (•), 
total water po~ential (6) and gravimetric water 
content of the acid subsoil used in Experiment 6. 
Potential at field capacity (0) was assumed to be 
zero. 
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at a depth of 63 cm in both the barley monoculture and mixture 
treatment;~ at harvest 2 were -1.4 MPa and -1 . 6 MPa respectively, 
s 
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but plant wat~r status was maintained from water taken up from below the 
63 cm depth. The smaller wheat plants used less water than the larger 
barl ey plants and final~ at 63 cm in the wheat monocultures was 
s 
-0.67 MPa in the L/UL profile, and -0.1 MPa in the L profile. This 
greater depletion by the wheat monoculture in the L/UL profile was 
similar to the difference observed at 33 cm (Figure 5.15) and cannot 
be explained. It could be suggested thatthe ability of wheat roots to 
absorb water was disrupted in the unlimed soil layer, hence forcing 
the plant to absorb water preferentially from the limed layer. However, 
this was unlikely as more water was withdrawn at 63 cm in unlimed soil 
than in limed soil, and there ~ere no substantial differences in root 
density between the two treatments. Final~ in all WW treatments in 
s 
Experiment 6 was greater than -0.1 MPa at depths of 33 cm and 63 cm. 
The pattern of soil water depl etion in Experiment 7 was qualitatively 
simi lar to Experiment 6. In all TD treatments, ~ declined linearly 
s 
during the last 14 days of the drying cycle; in the fully limed 
treatments ~ at 33 cm depth differed from~ at 63 cm by -0.3 MPa 
s s 
at day 10, and by -1.0 MPa at day 24 , with respective means of -0.65 MPa 
and -4.0 MPa. In the L/UL profiles, where the wheat plants used water 
from the unlimed section of the profile more slowly than the mixture of 
wheat and barley plants in limed soil,, at 33 cm was significantly lower 
s 
than~ at 63 cm throughout the drying cycle. Values at day 10 were 
s 
-1.0 MPa at 33 cm, and -0.25 MPa at 63 cm; on day 24, the respective 
values were -3 . 5 MPa and -3.2 MPa. The similarity of stress development 
With TD, at both depths of L profiles, was indicative of the similarity 
in leaf water deficits in both species (Figure 5.5b). The pattern 
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of development of leaf water deficits in plants in TD treatments of 
L/UL profiles differed between species (Figure 5.5a). However, the 
decline in ~Lin wheat and barley was qualitatively similar to the 
pattern of soil water depletion at 63 cm and 33 cm respectively. 
3.5 . 2 Cumulative soil water Zoss . Total evapotranspiration in 
Experiment 6 followed similar trends to the pattern of final shoot dry 
weights (Table 5.7) . In barley monocultures, evaporation was 
significantly (P < 0 . 05) larger in the well-watered, L treatment than 
in the L/UL treatment, due to a larger shoot weight and green leaf area 
(Table 5.10); it was significantly lower in the surface droughted L/UL 
monoculture than the L monoculture, due to the effect of leaf water 
deficits (Figure 5.4) in reducting shoot weight (Table 5.7) and green 
leaf area (Table 5.10). Water use did not differ between wheat 
monoculture treatments or mixture treatments, with the exception of 
the droughted L/UL treatment, as in no case were the treatments water 
stressed (Figure 5 . ~). The significant reduction in water use by the 
droughted, L/UL mixture treatment was due to the effect of water 
stress on the barley component (Figure 5.4). Figure 5.16 shows the 
linear increase in total evapotranspiration with increasing plant 
shoot dry weight at the final harvest and hence the overall similarity 
in water use efficiency between all treatments and species. This 
relationship was not unexpected, as the water stress occurred in only 
a very short period of the experiment, and it had been shown in 
Chapter 4 that the transpiration ratio was similar in both species . 
The relationship between green leaf and evapotranspiration was 
therefore examined for the treatment period. In calculating the changes 
in green leaf areas between harvests, it was assumed that the area in 
each lime-culture treatment at harvest 1 was identical in WW and SD 
treatments. Because of this assumption, the changes in green leaf 
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y = 825.8 + 227 .2x (r = 0 .98, * *) 
20 40 60 80 100 120 
SHOOT DRY WEIGHT (g) 
Relationship between total evapotranspiration and shoot 
dry weight at the final harvest of Experiment 6. Barley 
(e,O), wheat (A,6) and a 1: 1 mixture of the two species 
(a,o),were well-watered (closed symbols) and surface 
droughted (open symbols). 
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areaareonly apparent. Evapotranspiration again increased linearly 
with larger apparent increases in green leaf area (Figure 5.17). The 
data also suggest that wheat in monoculture (triangles below the fitted 
line in Figure 5.17) used water more efficiently for increasing leaf area 
than the barley monoculture (circles above the fitted line in Figure 5.lV. 
3.6 Nutrient uptake in Experiment 6. 
3 . 6.1 Nitrogen and phosphorus in green leaf tissue. Treatment 
effects on the percentage of N and Pin green leaf tissues were 
generally small, but statistically significant; however the trend of 
treatment effects of percentage N were in many cases exactly opposite 
those for P. Both N and P were significantly (P < 0.01) affected by 
watering treatment, in the case of N increasing from 3.13 per cent in 
WW treatments to 3.68 per cent in SD treatments (S.E. of each mean 0.07), 
but in the case of P, declining from 0.264 per cent in WW treatments to 
0.224 per cent in SD treatments (S.E. of each mean 0.004). The 
percentage of N and Pin plants grown in L/UL profiles were 0.22 and 0.014 
percentage units higher (P < 0.05), respectively, than from plants grown 
in L profiles, but whereas the percentage N did not differ (P > 0.05) 
between species in each of the soil lime treatments, there was a 
significant (P < 0.01) interaction between lime and species on the 
concentration of Pin the green leaf. In wheat, there was 0.209 per 
cent in the L/UL treatment and 0.228 per cent in the L treatment, 
With corresponding values of 0.294 and 0.246 per cent for barley 
(S.E. of each mean 0.006). When the effect of watering treatment 
was superimposed on the interacting effect of lime and species there 
were significant (P < 0.05) differences between treatment means for 
both N and P concentrations (Table 5.13). Soil lime treatment had no 
effect on N percentage in each of the species in SD treatments, but in 
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Table 5.13 Effect of lime and watering on percentage 
N and Pin green leaf tissue of wheat and 
barley at the final harvest in Experiment 6 . t 
Well-watered Surface droughted S . E. of Nutrient Species L/UL L L/UL L each mean 
N Wheat 3 . 62 2 . 97 3.39 3.65 
0.14 
Barley 3.09 2.87 3.97 3.71 
p Wheat 0.245 0.256 0.172 0.200 
0.008 
Barley 0.291 0 . 263 0 . 298 0 . 228 
t The interaction between the three factors was significant (P < 0.05) 
in the analysis of data both for per cent N and per cent P. 
WW treatments the concentration of Nin green leaves of plants grown in 
L profiles was less than that in L/UL profiles. However, the concentration 
of Pin the leaf tissue more closely matched the pattern expected from 
root distribution (Figure 5.1) for the uptake of an immobile nutrient. 
The concentration in wheat was lower in SD treatments than WW treatments, 
for both lime treatments, and also in barley in the L profile, due to a 
slightly lower root density in the dry portion of the soil profiles. 
There was, however, no effect of SD on the concentration of Pin barley 
in L/UL treatments; the mean value in the SD monoculture treatment was 
0.309 per cent compared with 0.280 per cent in the WW monoculture 
treatment. The apparantly higher uptake of Pin the former treatment 
may have been associated with the extreme proliferation of roots in 
the 35 to 55 cm deep section of the soil profile (Figure 5.la). 
There we're significant differences between monocultures and 
mixture treatments on the interaction between watering treatment and plant 
..... -
'i 
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species (Table 5.14). In both species, the percentage Nin the green 
leaf did not differ between the mixtures and monocultures in SD 
treatments, but was significantly higher in WW monocultures than in 
WW mixtures. In contrast, the percentage Pin green wheat leaves did 
not differ between mixtures and monocultures of either WW or SD 
treatments, but in barley leaves, the percentage was higher ·in WW 
mixtures than WW mono cul tu res and lower in SD mixtvres than ·SI} 
monocultures. 
Table 5.14 : Effect of watering treatment on percentage N and 
percentage Pin green leaf tissue of wheat and 
barley in mixture and monoculture treatments at 
the final harvest of Experiment 6. 
Nutrient Species Well-watered 
Monoculture Mixture 
Wheat 3.62 2.97 
Barley 3.18 2.78 
Mean 3.40 2.87 
p Wheat 0.252 0.249 
Barley 0.259 0.295 
Mean 0.255 0. 272 
Surface droughted 
Monoculture Mixture 
3.59 3.46 
3.87 3.81 
3.73 3.63 
0.190 0 .182 
0.278 0.248 
0.234 0.215 
S.E. of 
each mean 
0.14 
0.10 
0.008 
0.006 
t Interaction between species, watering treatment and culture 
not signiflcant (P > 0.05); for the interaction between 
watering treatment and culture, P < 0.05. Both interactions 
were significant (P < 0 .05) in analyses of data on per cent P. 
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Table 5.15 Effect of watering treatment on percentage N 
and Pin the non-green leaf of wheat and 
barley at the final harvest in Experiment 6. 
Well-watered Surface-droughted S.E. of Nutrient Wheat Barley Wheat Barley each mean 
N 2.91 3.11 2.76 2.59 0.08 
p 0.203 0.183 0.213 0.146 0.008 
3.6.2 Nitrogen and phosphorus in non- green leaf tissue . In the 
non-green leaf both per cent N and per cent P were lower than in the 
green leaf. There were al'so few significant effects of treatments on 
the percentage of N and Pin the non-green leaf, with the most important 
effect being an interaction between watering treatment and species (P <0 . 05, 
Table 5.15). The difference between species in both per cent N and P 
in WW treatments was small, but whereas the concentration in wheat 
leaves did not change with surface droughting, there was a decline in 
barley leaves of 0.52 percentage units in N content, and 0.037 percentage 
units in P content, between the WW and SD treatments. 
Both per cent N and per cent P were usually lower in non-green leaf 
than in green leaf from similarly watered plants of the same species. 
For example, in plants which were not water stressed, percentage Nin 
non-green leaf was between 75 and 104 per cent of the content in 
correspon<ling green leaves. In the water stressed barley treatments, 
however, per cent Nin non-green leaf was 61 per cent and per cent P 
was 47 per cent of the corresponJing values for green leaves, suggesting 
greater r~mobilisation of both nutrients in senescing stressed leaves 
than in senescing wet leaves. 
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3 . 6.3 Total nitrogen and phosphorus in leaf tissue . The relatively 
small differences between treatments in both per cent N and per cent P 
in the green and non-green leaf, when transformed to the total weight· of Nand 
Pin leaf tissue, showed some very large treatment effects. Both 
species accumulated more N and Pin the leaves of plants grown in WW 
treatments than SD treatments, and whereas lime treatment had no effect 
oD the weight of either Nor Pin wheat, deeper rooting barley plants 
accumulated more N and P than shallow rooted barley plants (Table 5.16). 
There was also a large (P < 0.05) difference between the mixture and 
monoculture treatments of each species. Barley leaves accumulated 
1258 mg N and 99 mg Pin mixture compared with 979 mg N and 67 mg Pin 
monoculture; wheat leaves accumulated 523 mg N and 38 mg Pin mixture 
and 769 mg N and 50 mg Pin monoculture (S.E . of each 
S.E. of each P mean 2.3). 
mean 33.6; 
Table 5.16 
Treatment 
WW 
SD 
Mean 
L/UL 
L 
t Interaction 
Effect of watering treatment and of lime treatment on 
the weight of N and Pin the leaf tissue of wheat and 
barley at the final harvest in Experiment 6.t 
Nitrogen (mg) 
Wheat Barley S.E. of 
each mean 
703 1220 
589 1018 33.6 
646 1119 23.7 
632 844 
661 1393 33.6 
between species and watering 
Phosphorus (mg) 
Wheat Barley S.E. of 
each mean 
51 103 
37 63 2.3 
44 83 1. 6 
43 68 
45 98 2.3 
treatment on weight of N not 
significant. All other interactions and the simple effectso f each 
interaction were significant (P < 0.01). 
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Table 5.17 Effect of lime and watering treatment on the weight 
of N and P (mg) in leaves in mixture and monoculture 
treatments at the final harvest in Experiment 6 . 
Nutrient Lime Well-watered Surface droughted S.E. of 
N 
p 
treatment Monoculture Mixture Monoculture Mixture each mean 
L/UL 793 934 560 667 
L 1209 910 936 1053 
Mean 1001 922 748 860 
L/ULt 60 81 38 42 
L 79 88 58 62 
Mean 70 85 48 52 
t Interaction between lime, water and culture treatment not 
significant. Interactions between factors shown in each of 
the other parts of the table were significant (P < 0.05). 
47.5 
33.6 
3.3 
2.3 
The apparent efficiency of recovery of N and P from the soil also 
di ffered between mixture and monoculture treatments. A total of 3.2 g N 
and 2 . 9 g P was added to each box and the highest recovery in leaf 
t issue, amongst all mixture and monoculture treatments, was 1 . 5 g N 
and O .1 g P in the WW, limed treatment of barley monoculture. In L/UL 
profiles, the weight of Nin leaves in the 1:1 mixture was 800 mg, 
compared to a mean of 676 mg in monoculture treatments. In L profiles 
however, more N was recovered by the monoculture (1073 g) than the 
mixture (981 mg) (S.E . of each mean 33.6). The interaction between lime 
and culture treatments on the weight of P recovered was not significant. 
The weight of N and Pin each culture-water treatment was higher in 
L profiles than in L/UL profiles, except in the WW mixture treatment 
where lime treatment did not significantly change the weight of either 
Nor P (Table 5 . 17) . In both WW and SD treatments the lowest recovery 
of N and P occurred in the L/UL monoculture treatments , but the 
highest recovery of N under WW conditions was in the L monoculture 
treatments (1209 mg), compared to 1053 mg in SD treatments; the 
highest recovery of Pin both WW and SD treatments was in the L 
mixture treatment (Table 5.17). 
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3.6.4 Calciwn, alwniniwn and manganese in non- green Leaves. To 
ensure that the reduction in green leaf area during the drying cycle 
(Tab le 5.10) was not due to Ca deficiency, or a toxicity due to Al or 
Mn, samples of non-green leaves were analysed. There were no 
significant treatment effects on the amount of Al in the leaf tissue. 
Levels of Ca and Mn differed only between species and between lime 
treatments (Table 5.18), with no significant differences between lime 
treatments within each of the species. 
Table 5.18 Effect of lime and of plant species on the calcium, 
aluminium and manganese content of non-green leaves 
at the final harvest in Experiment 6. 
Ca Al Mn 
Treatment 
-1 (mg g ) -1 (µg g ) -1 (µg g ) 
Wheat 8.0 90.S 61. 2 
Barley 13.3 111. 9 97.4 
L/UL 9.7 103.4 87.3 
L 11. 5 99.0 71. 3 
S.E. of 
each mean 0.4 8.6 3.7 
-1~-------------------------------------------111111111• 
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4. DISCUSSION 
Effects of the depth of penetration of roots of wheat 
(T. aestivwn cv. Colonias) and barley (H. vulgare cv. Abyssinian) 
and of soil moisture supply, on the growth and leaf water relations 
of the two species grown in monoculture and a 1:1 mixture, have been 
studied in a controlled environment. Root densities in wheat 
-3 monocultures, shortly before heading, were in the range S to 10 cm cm 
in the 5 to 15 cm deep section of the soil profile which was similar to 
densities reported for other varieties of wheat grown in small containers 
(Andrews and Newman 1970) and in the field (Newman 1969a; \Velbank, Gibb, 
Taylor and Williams 1974; Gregory, McGowan, Biscoe and Hunter 1978). 
Corresponding root densities for barley were higher than for wheat and 
-3 
ranged from 9 to 16 cm cm , which was similar to a density of 
11 cm cm- 3 to a depth of 5 cm reported by Drew and Saker (1978b). Root · 
-2 lengths in all treatments were less than 100 km m and were within the 
-2 known range of 14 to 400 km m for winter cereal crops approaching 
heading (Newman 1969a; Lupton et al . 1974; Welbank, Gibb, Taylor and 
Williams 1974). 
However, the distribution of roots of wheat and barley in field 
soils was in strong contrast with the patterns found in many of the 
treatments in both experiments. The weight and length of cereal roots 
in field profiles usually diminishes rapidly with depth (Hurd 1964, 1968; 
Lupton _et al .1974; Welbank, Gibb, Taylor and Williams 1974; Drew and 
Saker 1978b; Gregory McGowan, Biscoe and Hunter 1978), with only small 
differences occurring within wide variations in plant density (Kirby 
and Rockham 1971). At the final harvest of Experiment 6, root densities 
declined to about the mid-depth of root penetration and then increased, 
so that the densities near the maximum depth of penetration were, in 
- -I 
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some cases, higher than in all other secti6ns of the acid soil. 
The treatments themselves give some indication of possible reasons 
for root proliferation in the deep strata. Water is taken up 
preferentially from soil where the water potential is high, so that 
when the surface soil is dry and moisture is available at depth, 
roots proliferate in the deep strata at the expense of growth in 
t he dry surface soil (Newman 1966; Klepper, Taylor, Huck and Fiscus 
1973). Cereal roots also proliferate in zones of favourable nutrient 
supply and in the case of nitrogen and phosphorus, without affecting 
growth in the remainder of the root system (Hackett 1972; Drew 1975; 
Drew and Saker 1978b; Alston 1976). Extensive proliferation in the 
deep strata of SD treatments could therefore be expected as the 
availability of water and the concomitant reduction in the diffusion 
of ions to the root surfaces in the dry soil declined. In WW treatments, 
where deep root proliferation was generally less than in the SD 
treatments, root growth may have been enhanced mainly as a result of 
nutrient availability. That is to say, the smaller and later growth 
of roots into the deep strata, where nutrients had been mixed through 
the soil at the same rate as in shallow strata, and perhaps added to 
through leaching from the shallower soil, ensured that the supply of 
nutrients was not depleted by high root growth activity early in the 
experiment . The absence of deep root proliferation in TD treatments 
occurred because the soil moisture reserves were rapidly depleted. 
Apart from these relative effects, the general density of roots 
in the deep strata was also high, when compared with results from field 
experiments. -3 Root densities at 1 mare often less than 0.5 cm cm in 
field crops near anthesis (Welbank, Gibb, Taylor and Williams 1974; 
Gregory, McGowan, Biscoe and Hunter 1978) compared to densities of 
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between 2 and 15 cm cm - 3 found in Experiments 6 and 7. This may be due 
to a high bulk density at depth in the undisturbed field soils, or a 
low oxygen availability, which are both known to suppress root growth 
(Barley 1963; Taylor and Gardner 1963; Eavis and Payne 1969; Hopkins 
and Patrick 1970). Additionally, the soil profiles were uniformly 
fertilized at high rates, which contrasts with often low nutrient 
availability in deep layers of field soils, and as already discussed, 
may promote greater root growth. The effect _of the interaction between 
deep fertilizer placement and water supply on root growth is explored 
further in Chapter 6. 
Before leaving the discussion of root growth two related aspects 
of the results will be considered. The first is the proliferation of 
r oots below 55 cm in surface droughted mixtures grown in L/UL soil, 
which was larger than could be predicted from the responses of the two 
monocultures (Figure 5.2), and secondly, the absolute increase in root 
length in surface droughted treatments . Barley roots failed to proliferate 
below 55 cm in the L/UL monoculture, so that the effect of surface droughting 
on root growth responses below 55 cm in the L/UL mixture was due solely 
to the growth of wheat roots. The more than two-fold increase in deep 
root length in the L/UL mixture treatment as a result of surface droughting, 
compared with no response in the L/UL wheat monoculture treatment, 
appeared to be associated with the depletion of water in shallow soil 
layers at a faster rate in the mixture than in monoculture (Figure 5.15). 
The rate of depletion of soil moisture at 33 cm was lower in fully limed 
profiles than in L/UL profiles, but the deep root length responses to 
SD were again related to the rate of soil water depletion in shallow 
strata of the soil . The largest incr ase of approximately 70 per cent 
occurred in the SD mixture, in which the rate of water depletion at 
"""' -I
33 cm was faster than both monocultures (Figure 5.15),due to a 
larger increase in green leaf area during the treatment period 
and a larger green leaf area at the final harvest than in the 
monocultures (Table 5. 10.). The results are therefore consistent 
with results discussed earlier, which show that roots proliferate 
preferentially in deep soil strata when the water potential is high 
compared to the potential in shallower strata (Newman 1966; Klepper, 
Taylor, Huck and Fiscus 1973). However, root distribution patterns 
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are also known to differ between monocultures and mixtures (Table 2.1), 
but because the roots of individual species were not separately 
identified in the mixture treatments of Experiments 6 and 7, the 
extent of differences due to mixing the two species and those due to 
watering could not be assessed. This aspect is however considered 
further in Chapter 6. 
In some cases, water stress not only alters rooting patterns, but 
induces an absolute increase in root growth when compared with plants 
grown in well-watered soil (Bennett and Doss 1960; Doss, Ashley and 
Bennett 1960; Vega 1972; Hsiao and Acevedo 1974; Malik, Dhankar and 
Turner 1979). This stress-enhanced root growth has been proposed as 
an adaptive mechanism enabling the plant to explore the soil more 
thoroughly and perhaps delay the onset of severe water stress (Hsiao 
and Acevedo 1974). Such a response was observed only in the surface 
'droughted mixture treatments in Experiment 6 (Figure 5.1), but other 
treatments suggest that an absolute response, measured over the whole 
root system may not always be the most appropriate measure. As noted 
earlier in this discussion, length increases preferentially in strata 
where soil water potential is high (Newman 1966; Klepper, Taylor, Huck 
and Fiscus 1973), so that if the depth of deep, wet soil is small in 
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relation to the depth of dry soil, a large increase in root growth in 
the wet soil layer may have little impact on the total root length. 
This can be readily seen from Figure 5.lb,d where a large increase in 
root growth between 85 and 100 cm in the SD barley monoculture did not 
result in an absolute increase in total root length, but where the 
increase occurred over the greater depth of 65 to 100 cm (Figure 5.ld), 
there was a substantial increase in total root length due to surface 
droughting. In addition , roots in dry soil may become suberized and, 
therefore, less efficient in water and nutrient uptake upon the return 
of favourable conditions. Such roots are usually included in estimates 
of total root length or weight and may therefore result in a larger 
overestimate of actively absorbing roots in droughted than in 
well-watered soil profiles. 
The combined effect of rooting patterns and soif water availability 
strongly influenced the development of leaf water deficits. Deep roots 
i n wet soil were as equally effective in extracting water as roots in 
uniformly watered soil profiles. Although the leaf water potential in 
the SD treatments was slightly, but not significantly, lower than in 
the WW treatments, leaf turgor potential did not differ. There is a 
general agreement between this finding and a similar one by Klepper and 
Taylor (1975). It also indicates that in plants with multiple root 
axes, the possible increase in th~ viscous resistance to water flow in 
the xylem, as when water was being taken up mainly by deep roots through 
a single root axis (Pass±oura 1974), was not a significant factor in the 
development of leaf water deficits when water was available at depths 
less than 1 m. However, this ·does not suggest that axial flow resistance 
may not have a greater effect on the supply of water to shoots when 
wat~r is available to plants only at depths greater than 1 m. 
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In the absence of widely differing mechanisms of adaptation to 
water stress between the two species, and their similar rate of water 
use per unit shoot dry weight (Chapter 4), it was not surprising that 
~L declined at similar rates in both species when rooting depths were 
similar and soil water was not replenished (Figure 5.5b). However, 
when the root depth of barley was restricted, several important 
differences due to droughting developed between the species, and these 
differences have important ecological implications. Firstly, in the 
system where deep soil water was replenished (Experiment 6), shallow 
r ooted barley plants in 1:1 mixture with wheat plants were more severely 
stressed than similar plants in monoculture (Figure 5.4b). However, 
the reduction in final green leaf area as a result of leaf water stress 
was larger in the monoculture treatment possibly because both maximum 
and minimum ~L declined more rapidly between days O and 10 in the 
monoculture than in the mixture treatment. At day 10, ~Lin leaves of 
barley in mixture was approximately 0.3 MPa higher tha.n in monoculture. 
The reason for this difference was the slower rate of depletion of soil 
water in the mixture than the monoculture, due to its lower total leaf 
area (Table 5.7) and shoot weight (Table 5.7) before water stress 
developed. However, the desorption curve for the acid soil· (Figure 5.14), 
as with other sandy loam type soils (Millar, Duysen and Norum 1970), 
showed that once soil water potential declined to -0.4 MPa, only small 
quantities of water were released with a further, large decline in 
potential. Therefore, the slower initial rate of water use by the SD 
mixture treatment had the effect of delaying the onset of severe stress 
by as much as two days, so that the final green leaf areas in the 
monoculture and mixture treatment were measured after different periods 
of stress. 
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During the second half of the treatment period, barley plants 
in monoculture showed a recovery in minimum ~Land Pat dawn 
(Figure 5.4b), which suggests that the reduction in green leaf area 
was greater than that r~quired to prevent a further decline in ~L. 
The recovery occurred without change in total solar radiation 
(Figure 5.6) and may have been due to the movement of water into the 
r oot zone from wet soil below the roots. Such movements are a function 
of the hydraulic properties of the soil and the soil water potential 
gradient, and have been shown to account for 34 per cent of the 
evapotranspiration during a 21-day period in a crop of millet grown 
on a sandy loam soil (Rei cosky, Doty and Campbell 1977). Similar 
proportions have also been predicted from theoretical models (Nimah 
and Hanks 1973; Van Bavel and Ahmed 1976). In mixture with wheat, it 
is hypothesised that the soil immediately below the root zone of the 
barley component was depleted, so that the amount of water moving into 
t he barley root zone was reduced, and the plants were unable to recover 
f rom water deficits below -3.0 MPa. It therefore appears that the 
shallow rooted barley plants in monoculture, although experiencing stress 
earlier than when grown in a ~:1 mixture with wheat plants of a smaller 
size, have a better chance of surviving a short term drought when grown 
i n monoculture than in mixture, provided water is freely available at 
depth. 
A different effect of differential rooting depth was evident when 
a 1:1 mixture of the two species relied solely on water stored in the 
profile (Figure 5.5a, 5.7a). Both species were water stressed, but the 
decline in ~L was initially delayed and then proceeded more slowly in 
the deeper rooting wheat component, so that at the end of the experiment, . 
in wheat was more than 1.0 MPa higher in wheat than barley. This 
...... --
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difference again occurred for the reason previously discussed which was, 
briefly , that wheat used water, on a per plant basis, more slowly than 
barley due to its smaller sized shoot. Plants with large root systems 
obtain a larger share of the soil growth factors (Andrews and Newman 
1970; Baldwin and Tinker 1972) , principally water and nutrients,than 
plants with smaller root systems and may therefore have a competitive 
advantage (Trenbath 1976) . This experiment has shown, however, that 
when a wheat plant with a relatively small root system has exclusive 
use of soil factors in soil strata below the rooting depth of the more 
competitive barley component, the ability of the wheat plant to survive 
periods of water deficits is greater than that of the barley component. 
The diurnal patterns of ~L (Figure 5.4) were similar to data 
published for some well-watered and droughted cereal crops in the field 
(Biscoe, Cohen and Wallace 1976), but were higher than others (Millar 
and Denmead 1976). The main difference between data presented here and 
those of Millar and Denmead was in the well-watered treatments, where 
minimum ~Lon clear days were -1 . 5 MPa and -2.0 MPa respectively; other 
data presented by ~illar and Denmead show that part of this difference 
may have been due to leaf age effects, with the difference, for example, 
in maximum ~L estimated from the third and fourth oldest leaves being 
, -1.0 MPa. There were, however, larger differences in leaf osmotic 
potential between the data presented here ·and those of Biscoe, Cohen 
and Wallace (1976) and Millar and Denmead (1976), which was reflected 
in lower turgor potentials presented in this thesis than in the published 
data. Although there are again strong leaf age effects on osmotic 
potential (Millar and Denmead 1976) , Biscoe, Cohen and Wallace (1976) 
for example, found minimum osmotic values below -1.8 MPa in well-watered 
wheat plants which gave a turgor potential greater than 0 . 6 MPa. In 
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the experiment reported here, minimum turgor potentials in leaves 
of well-watered barley and wheat plants were close to zero, which 
suggests that values of osmotic potential may have been underestimated. 
This underestimation may_ also have reduced the apparent osmotic 
~djustment in stressed plants and so partly accounts for the smaller 
adjustment observed (Figures 5,1 0 , 5.11 and Chapter 4) compared with 
l arger responses found by Morgan (1977). 
There was an apparent inconsistency in the efficiency of water 
use in Experiment 6, between estimates based on total shoot dry weights 
(DW) (Figure 5.16) and on the change in leaf area during the treatment 
period (Figure 5.17). Shoot DW included growth during the SO-day 
pre-treatment period, so that massive changes in shoot growth would be 
r equired during the shorter, 20 : day treatment period to produce large 
t reatment effects on water use efficiency. The efficiency with which 
water was used for increasing green leaf area during the treatment 
period appeared to be higher in wheat monocultures than in barley 
monocultures (Figure 5.17). Ritchie (1974) has shown that a plateau 
i n evapotranspiration from crops occurs at leaf area indices greater 
t han 3, and that changes i n wat er us e efficiency are a lso sma ll. However, 
i n Experiment 6 there were large crop-edge effects, so that 
evapotranspiration could increase with higher leaf area indices without 
a concomitant change in canopy-light relations. As the green leaf area 
of barley was more than 30 per cent greater than the area of green wheat 
leaves at harvest 1 (Table 5.10), barley· plants may have used more water 
than wheat, for a similar increase in leaf area, partly as a result of 
the .design of the experiment. There was an indication in Chapter 4 
(Table 4.6) that well-watered barley used slightly more water per unit 
LAI, and was hence less efficient than well-watered wheat. A small 
....,._ 
inherent difference in water use efficiency between the two species 
may have therefore contributed to the apparently lower water use 
efficiency of barley, as shown in Figure 5.17. 
In both experiments high rates of fertilizer were used to 
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minimise the effects of competition for nutrients on plant growth. 
Nitrogen and phosphorus were mixed through the soil profile to avoid 
localized root proliferation in zones where the nutrients are applied 
(Drew 1975). An overall view of the results for N and P percentages 
in the leaf tissue shows that the levels of these nutrients were 
adequate for plant growth (Briggs 1978), and that the differences 
between species were small. The higher concentration of Nin leaves 
of droughted plants than well-watered plants may have been due to the 
combined effects of reduced uptake from the dry soil, perhaps increased 
uptake from the deep wet strata as shown by ·Garwood and Williams (1967) 
and greater remobilisation and translocation from senescing tissue to 
growing leaves as suggested by the results in this Chapter. The 
reduction in the concentration of Pis also impossible to explain in 
terms of the relative importance of different contributing factors, but 
the trend was particulary characteristic of the effect of reducing the 
nutrient absorbing area on the uptake of an immobile nutrient (Cornforth 
1968; Andrews and Newman 1970). The greater concentration of Pin plants 
grown in L/UL profiles than in L profiles indicated that the sorption of 
P by Al (Baker 1976) did not significantly disrupt the uptake of P (Foy 
1974b). 
The combined effects of differences in root patterns and water 
availability, coupled with the uniform distribution of basal nutrients 
in the soil profile, produced large effects on shoot growth of wheat 
and barley. The most important consequence of droughting was a marked 
...... -
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reduction in green leaf area and the resulting reduction in shoot 
growth rate. Whereas the total drought of the 1:1 mixture reduced 
shoot yields of barley by approximatley 50 per cent, irrespective 
of rooting pattern, shoot yields of the smaller wheat plants were 
reduced by less than 40 per cent. This may have been due to a more 
effective adaptation to stress by wheat than barley plants. Root 
growth, and its effect on the shoot:root ratio, is one aspect of 
t his adaptation and is studied further in Chapter 6. Shoot growth 
of shallow rooted barley grown in SD profiles was also reduced by 
approximately 50 per cent, and green leaf area by 65 per cent, in 
both monoculture and mixture treatments. However, the temporal trends 
i n ~L (Figure 5.4) suggest that as water deficits developed more 
r apidly in monoculture, but were ultimately more severe in the mixture, 
t he effects of water deficits on shoot growth may have been initially 
greater in the monoculture. The greater sensitivity of shoot extension 
growth to water deficits, compared with stomatal closure or photosynthesis 
(Wardlaw, 1969; Wilson 1975; Ludlow and Ng 1976),indicates that growth 
i s affected before plant water deficits reach a level that directly 
reduces stomatal aperture and photosynthesis (Fischer and Hagan 1965; 
Hsiao and Acevedo 1974). Hence the slower rate of development of leaf 
water deficits in barley in the L/UL mixture, may have resulted in large 
differences in the reduction in barley shoot yields between mixture and 
monoculture if soil water had been replenished mid-way through the 
treatment period. However, for a long term surface soil drought, barley 
in monoculture showed a greater likelihood of survival than barley in 
mixture, when wat er was replenished in soil below the root zone. 
Chapter 6. 
Effect of the depth of barley root penetration and the 
placement of soil water and nutrients on the growth of 
wheat and barley in monocultures and 1:1 mixtures. 
1. INTRODUCTION 
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Extensive root proliferation was observed in two treatments in 
Experiment 6 (Chapter 5) as a response to high soil water potential 
in part of an otherwise droughted profile. In the surface droughted 
monoculture of barley, grown in limed-unlimed soil, roots proliferated 
around the interface between the dry, limed soil and the wet, root-free, 
unlimed soil (Figure 5.la). In a similarly limed and surface droughted 
profile sown with a mixture of wheat and barley, there was a large 
proliferation of roots below 55 cm (Figure 5.lc). Roots of the 
individual plants in the mixture were not identified, and hence there 
was some doubt that the deep proliferation was due, solely, to the wheat 
component. 
In previous experiments, basal nutrients were mixed uniformly 
through the soil profiles, which contrasts with many natural ecosystems 
in which nutrients concentrate in the surface soil and are often in 
very low supply in deep strata (e.g. Odum 1971). Their concentration 
in the upper soil horizons in agricultural systems is further accentuated 
by the application of fertilizers. Nutrients have a strong influence 
on root growth, as discussed in Chapter 2, so that the. artificial 
system which was adopted in Experiments 6 and 7 may have promoted 
__,,, -
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uncharacteristic responses in deep root growth. 
Deep root growth is often regarded as an important adaptation for 
drought resistance (e.g. Hurd 1974). In the absence of replenishment 
of soil water, water use by plants creates a gradient of soil water 
availability in which successively deeper layers of the profile are 
depleted at successively later times (e . g. Long and French 1%7; 
Parrish and Bazzaz 1976) . As an increasing proportion of the water 
taken up by plants therefore comes from increasingly greater depths 
(e .g. Willatt and Taylor 1978), root growth into deep strata of wet 
soil is an important mechanism contributing to the ability of plants 
to resist drought. Although a few roots in deep wet strata often 
account for a disproportionally large part of total water uptake from 
a droughted soil profile (e.g. Allmaras, Nelson and Voorhees 1975; 
Stone, Teare, Nickell and Mayaki 1976; Gregory, McGowan and Biscoe 
1978; Willatt and Taylor 1978), the amount of water extracted appears 
t o be closely related to the amount of root present per unit volume 
of wet soil (see review by Russell 1977); the number of root axes may 
also be important in the extraction of water from the deep strata 
(Passioura 1972; Walter and Barley 1974). 
The aim of the two experiments discussed in this Chapter was to 
establish the effect of soil water availability, and the presence or 
absence of basal nutrients in deep strata of the soil, on the deep 
proliferation of roots of wheat when grown in mixture with shallower 
rooting barley. The first experiment (Experiment 8) was a study of 
the nature of the deep root growth observed in the limed-unlimed 
profile of the surface droughted mixture of wheat and barley in Experiment 
6. In the second experiment (Experiment 9) the relationship between 
the placement of basal nutiients and the supply of water was 
i nvestigated. 
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2. MATERIALS AND METHODS 
2.1 Soil, basal nutrients and root boxes. 
The soils used in this series of experiments were again similar 
to those described in Chapter 3. Boxes were prepared and filled with 
soil as described in Chapter 5. Basal nutrients were mixed uniformly 
through the soils, except that their presence or absence below 45 cm 
in the soil profile was a treatment in Experiment 9. The types and 
quantities of these nutrients were unchanged from Experiments 6 and 7: 
the organic soil was mixed with 2.8 g K2HP04 kg-lair dried soil and 
the acid soil with (NH4) 2so4 (160 mg kg-lair dried soil), H3Po4 
-1 -1 -1 (120 mg kg ), K2so4 (174 mg kg ), MgS04 .7H2o (18 mg kg ), 
-1 -1 Na 2Moo4 .2H20 (0.3 mg kg ) and Na2B4o7.lOH2o (0 .9 mg kg ). Nutrient 
applied to the surface during the experiments differed slightly from 
the quantities for Experiments 6 and 7, and are given in Table 6.1. 
A layer of 8 mm mesh white gravel, 1 cm deep, was again used to cover 
the soil surface. 
In Experiment 8, the vertical tube for watering the deep layers 
of the soil profile was 95 cm deep. The tube was shortened to 53 cm 
in Experiment 9, to reduce the risk of waterlogging the soil at the 
base of the profiles. 
2.2 Treatments and design of experiments. 
2 .2.1 Experiment 8. Three replicates of a 1:1 mixture of wheat 
(T. aes tivum cv. Colonias) and barley (H. vulgare cv. Abyssinian) were · 
grown in boxes having factorial combinations of two lime treatments and 
two watering regimes. As in Experiments 6 and 7, the acid soil was 
either uniformly limed with 2 g Caco3 kg-lair dried soil (L treatments) 
or limed only in the upper 40 cm of the profile (L/UL treatments). The 
boxes were either well-watered throughout the experiment (WW treatments) 
------ ·--------------------------------------··· ! 
Table 6.1 Nutrients applied on the soil surface (g m- 2) after 
planting . (The number of days after planting for 
each application of nutrients applied in split 
dressings are shown in parenthesis.) 
Nutrient Experiment number 
8 9 
CuS04 .5H20 0.9 (1) 0 . 9 (1) 
ZnC1 2 1. 8 (1) 1. 8 (1) 
Ca(N03) 2 .4H20 11. 7 (3) 46.8 (16) 
23.4 (10) 46.8 (38) 
23.4 (13) 
46.8 (33) 
Total Ca(N03) 2 .4H20) 1 O"S. 3 93.6 
NH4 N03 90.9 ( 43) 
45.5 (71) 
Total NH4 N03 136.4 
or well-watered for 78 days, followed by deep profile watering for 
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40 days, dur ing which a surface drought developed as water stored in 
the upper part of the soil profile was depleted (SD treatments). Deep 
watering maintained a layer of wet soil, at least 10 cm deep, at the 
base of the soil profile. In addition to the four binary mixture 
treatments, th er e wer e two boxes of both wheat and barley monocultures, 
in which the soil profile was limed only to a depth of 45 cm, and only 
the deep soil strata were watered between days 78 and 118. A completely 
random experimental design was used. 
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There were four, equally-spaced plants in a single row parallel 
with the 36 cm side of each box. In mixture treatments, plants of 
each species alternated along the row to maximise the opportunity for 
interspecies contacts (Trenbath 1976). There being three replicates 
of mixture treatments and two of monoculture treatments, both species 
were therefore represented by six plants in each mixture treatment, 
and by eight plants in each monoculture treatment. 
2.2.2 Experiment 9. The 1:1 mixture of wheat (T. aestivwn 
cv . Colonias) and barley (H. vulgare cv. Abyssinian) and the L/UL 
acid soil treatment, described for Experiments 6, 7 and 8 were used 
in all boxes in Experiment 9. A completely random experimental design 
was used in which there were factorial levels of three watering 
treatments, the presence or absence of basal nutrients mixed uniformly 
through the layer of unlimed acid soil below 45 cm, and four harvests. 
There were two replicates of each treatment. During the first 74 days 
of the experiment, all boxes were well-watered from the surface and, 
in the 25 days which followed, three watering treatments were imposed . 
In the first, the whole profile continued to be rewetted (WW treatments); 
in the second, only the soil below 53 cm was watered, allowing shallower 
layers of the profile to dry (SD treatments); in the third, no water 
was applied, thus allowing a total drought to develop as water stored 
in the profile was depleted (TD treatments). Nutrients were mixed with 
the acid soil as in Experiments 6, 7 and 8, or only in the layer of 
limed soil to a profile depth of 45 cm. At the first harvest, 75 days 
after planting, all treatments had been uniformly watered so that the 
only boxes harvested were two replicates of WW treatments. At each of 
the subsequent harvests 82, 91 and 99 days after plant~ng, two replicates 
of all watering-nutrient treatments were harvested. 
-- --
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2.3 Management 
The management of both experiments was similar to that described 
for Experiment 6, so that only important changes in Experiments 8 and 
9 are described. 
Seeds of both species were germinated on wet filter paper in the 
dark at 25°C and transplanted to their respective positions in the 
boxes on 12 May (Experiment 8) and 2 July (Experiment 9). Two seeds 
were planted at each position and thinned to one plant after about 
7 days. 
The boxes were watered to field capacity immediately after sowing, 
I 
and then at frequent intervals to replace water used from the profile . 
At intervals of about 7 days, the boxes were weighed and watered to 
fie ld capacity, assuming that the water content of the soil at field 
capacity was unchanged from the value of 25.4 g lOOg-l found in 
Experiment 5 (Chapter 4). Distilled water was used throughout and no 
al lowance was made for the increase in plant weights. The boxes were 
0 
re -randomised and rotated through 180 at each weighing. 
The boxes were located in a temperature-controlled glasshouse. 
The mean daily minimum and maximum temperatures during the treatment 
period of each experiment were 9. 2 ± 0. 3°C and 15. 5 ± 0. 3°C in Experiment 
8 and 9. 7 ± 0.4°C and 21.6 ±o.5°C in Experiment 9. 
2.4 Plant growth and leaf water deficits . 
2 . 4 . 1 Experiment 8. Leaf water potential measurements were made 
at 1430 h, on days 83 and 116 after sowing (5 and 38 days after the 
commencement of the differential watering treatments), and also before 
dawn on day 116. The measurements were made using a pressure chamber 
as described in Chapter 5 . On day 118, the shoots of each plant were 
removed at ground level, dried in a forced-draught oven at 80°C for 
24 hand weighed individually. The soil profiles were removed from 
----....... -_ ....-----------------------------------------···· 
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the boxes and the whole root systems were washed from the soil using 
a fine , jet of water. The root systems of the individual plants were 
subsequently separated by teasing in a large tank of water. The 
length of the longest root axis was noted, and the roots were cut at 
depths of 20 cm and 70 cm. The weight and length of roots in each of 
the three sections were measured in a manner similar to that described 
in Chapter S . 
2.4 . 2 Experiment 9. Leaf water potentials were measured before 
dawn at the second, third and fourth harvests (82, 91 and 99 days after 
sowing) . The measurements were made using a pressure chamber, as 
described in Chapter S. After the leaves were removed from the chamber, 
they were frozen and stored for subsequent measurement of their osmotic 
potential using the dew point technique described in Chapter 4. 
Using the method described in Chapter S, the soil profiles were 
sectioned at each harvest, the roots were recovered and their weight 
and length estimated. 
3 . RESULTS 
3.1 Experiment 8. 
3.1.1 Shoot growth and leaf water deficits . As in Experiment 6, 
wheat shoot dry weights were higher in monoculture than in mixture, 
and within mixture treatments tended to be higher in L/UL soil 
treatments, where there was separation of root niches, than in L 
treatments (Table 6.2) . Wheat leaf water potentials (~L) did not 
differ between treatments two days before the end of the experiment 
(Table 6.3), and at 1430 h were similar to values for all leaves 
found on day 83. 
Table 6.2 Effect of watering t~eatment and lime on shoot dry 
weight of barley and wheat grown in mixture and 
and monoculture in Experiment 8. (The S.E. of each 
mean is shown in parenthesis). 
Shoot dry weight (g) 
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Culture Water-lime treatment Barley Wheat 
Mixture WW, L/UL 81. 2 (3.5) 19.2 (1. O) 
WW, L 104.0 (4. 8) 17.9 (0.8) 
SD, L/UL 37.5 (2.2) 20.8 (1.1) 
SD, L 91. 8 (0. 5) 14.6 (1. 2) 
Monoculture SD,L/UL 28.8 (0.5) 24.3 (0.4) 
Table 6.3 Leaf water potential, predawn and at 1430 h, in wheat 
and barley l eaves measured 116 days after sowing in 
Experiment 8. (The S.E. of each mean is shown in 
parenthesis). 
Water-lime Culture treatment 
Mi xture WW, L : SD, L: }t 
\VW' L/UL 
SD, L/UL 
Monoculture SD, L/UL 
Species 
Barley 
Wheat 
Barley 
Wheat 
Barley 
Wheat 
t Mean values for three treatments. 
Leaf water potential (MPa) 
Predawn 1430 h 
-0.18 (0.03) -1,37 (0.16) 
-0.14 (0.01) -1. 32 (0.07) 
-1.88 (0.14) -2.50 (0.15) 
-0.15 (0.03) -1. 21 (0.01) 
-0.88 (0.09) -1.99 (0.09) 
-0.15 (0.01) -1.37 (0.08) 
------- ·~------------------------------lllllllllll-----1111111111 
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Barley shoot yields were severely suppressed in both the surface 
droughted mixture and monoculture treatments in L/UL soil (Table 6.2), 
as a result of the the effects of water deficits (Table 6.3). As 
observed in Experiment 6, leaf water deficits in the stressed barley 
plants were more severe in mixture than in monoculture, and there was 
greater diurnal recovery of ~Lin the monoculture than in the mixture 
t reatment. The diurnal range of ~L for barley monoculture was -1.11 MPa 
compared to -0.62 MPa in mixture (Table 6.3). 
In relative terms therefore, shoot growth and leaf water deficits 
i n Experiment 8 were similar to those observed in Experiment 6; this 
permits greater confidence in making comparisons of root growth responses 
between the two experiments. 
3.1.2 Root growt h. During separation of the roots of the 
i ndividual plants some roots were broken and the pieces could not be 
i dentified. Their weight, which was less than 12 per cent of the total, 
was subsequently divided among the four plants in the box according to 
t he weight of roots identified for each plant. 
Total root length, and root weight, were more than twice the values 
f ound in the monocultures in Experiments 6 and 7. In each of the 
f our mixture treatments, the total length of wheat roots did not differ 
s ignificantly between treatments and were also similar to the length 
of barley roots in the same treatment (Table 6.4). However, the length 
of wheat roots in monoculture was significantly less than in all 
mixtures, and also less than the length of barley roots in monoculture. 
Barley root lengths were similar in both mixtures and monocultures in 
limed-unlimed (L/UL) soil, but their lengths were less than in 
corresponding treatments in fully limed (L) profiles (Table 6.4). 
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Table 6.4 Effect of watering treatment and lime on total root 
length and total root weight of barley an~ wheat 
grown in mixture and monoculture in Experiment 8. 
(The S.E. of each mean is shown in parenthesis). 
Root length -2 Root organic Water-lime (km m ) matter Culture treatment Barley Wheat Barley Wheat 
Mixture WW, L/UL 201 (12.5) 171 (14.4) 6.2 (O. 6) 3.7 (0.4) 
WW, L 277 (24. 3) 210 (24.5) 8.5 (0 .8) 4.5 (0 .1) 
SD, L/UL 149 (18.6) 191 (15 .3 ) 4.6 (0.8) 4.1 (0.2) 
SD, L 224 (26.8) 171 (17 .5) 6.9 (0. 4) 3.7 (0.6) 
Monoculture SD, L/UL 151 (7. 3) 118 (9. 7) 4.6 (0. 1) 2.6 (0 . 2) 
There were also large treatment effects on the shape of the root 
profiles of each species. Root densities in the three sections of each · 
profile are shown in Figure 6.1, at the mean depth of each section. The 
penetration of roots to 110 cm does not correspond exactly with the soil 
depth, because the inevitable rearrangement of roots during washing and 
separation of the whole root systems led toa straightening of the primary 
axes and hence an apparent elongation. The mean maximum depth of 
penetration of roots measured after washing, and having been observed 
at a depth of 100 cm in the soil, was 108 cm. In L/UL soil, the 
maximum depth of penetration of barley roots, measured after washing, 
was 68 cm. 
In uniformly limed treatments, root densities of both wheat and 
barley, in the upper and central sections of the profiles, tended to 
be lower in surface drought (SD) treatments than in well-watered (WW) 
treatments. In the lower section, where the roots in both watering 
(g) 
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Figure 6.1 Effect of watering treatment and lime on per plant 
root density (cm cm- 3) in Experiment & in (a,b) 
wheat and (c,d) barley grown in monoculture(o) and 
mixture (!,6) in well-watered profiles (closed symbols) 
and surface droughted profiles (open symbols). 
Horizontal bars are one S.E. of each mean; 
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treatments were in continously wet soil, root densities were almost 
identical in the WW and SD treatments of both species (Figure 6.lb,d). 
The density of barley roots in mixture, between depths of 20 and 70 cm 
i n L/UL soil, was substantially less in SD treatments than in WW treatments, 
and as predicted from Experiment 6, there was no suggestion of root 
proliferation in that section of the profile in response to surface 
droughting (Figure 6.lc). In the barley monoculture however, root 
densities in the upper and central sections of the profile were similar 
(Figure 6.lc), which appeared to contrast with the response observed in 
Experiment 6 (Figure 5.la). This difference may have been due to the 
method of sampling, such that there was a substantial root loss between 
depths of say, 20 cm and 50 cm, and a substantial proliferation between 
50 cm and 70 cm. These differences were not apparent when the whole 
section between 20 and 70 cm was not subdivided for measurement. The 
di fference between root densities of wheat in L/UL soil were small in 
t he upper and central sections of the profile (Figure 6.la). However, 
be low 70 cm, the density of wheat roots in the monoculture was 
substantially less than in both WW and _SD mixtures, and the SD mixtu~e tended 
t o be larger than in the WW mixture (Figure 6.la ) . 
As the total l ength of root differed between species and treatments, 
t he proportion of total length in each of the three sections of the soil 
profile can be used to compare the effect of treatments on root 
distribution. In uniformly limed profiles, the proportion of the total 
root length of wheat in mixture increased progressively from less than 
20 per cent in the upper section to more than 43 per cent in the lower 
section1 in both WW and SD treatments; the trend was similar in L/UL 
profiles, and the differences between Land L/UL profiles in both WW and 
SD treatments were small and usually non-significant . (Figure 6.2 a,b) . 
Figure 6.2 Effect of watering treatment and lime in Experiment 
8 on percentage of total root length in each section 
of the profile in (a,b) wheat and (c,d) -barley grown 
in monoculture (o) and mixture (~,6) in well-watered 
(closed symbols) and surface droughted soil (open 
symbols). Horizontal bars, shown in (a),are one S.E. 
of each mean and are applicable to means in the same 
section in (b), (c), and (d). 
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However, the proportion of the total root length of wheat in successively 
deeper sections of the surface droughted, L/UL profile,increased from 
16 per cent in the upper section to 54.8 per cent in the lower section, 
which was a larger change than in any other treatment. In monoculture, 
the proportion of total root length of wheat did not differ 
significantly between each of the three sections of the soil profile. 
The proportion of barley roots was also approximately equal in each of 
the three sections of L profiles, with no significant difference between 
WW and SD treatments (Figure 6 . 2d). However, in L/UL profiles, more 
than half the total root length of barley,in both mixture and monoculture, 
was in the central section of the profile (Figure 6.2c). 
3.1.3 Shoot :root ratio. As this was the first experiment in 
which there were estimates of both shoot and root weights of each of 
the species in the mixture, the ratio of the weights in each treatment 
were compared. The ratio for wheat in mixture ranged from 3.9 to 5.4, 
which was substantially less than the ratio of 9.6 observed in the 
monoculture treatment (Table 6.5). The high ratio in the monoculture 
treatment, compared with the shoot:root ratio of 5.0 in the corresponding 
mixture treatment, was partly due to a small increase in the shoot 
weight (Table 6.2), but mainly to root weights which were 37 per cent lower 
in monoculture than mixture (Table 6.4). This indicates that the 
presence of barley plants stimulated root growth in wheat. In non-stessed 
barley plants the shoot:root ratio exceeded 12, and as water stress 
increased, the ratio declined to 6.2 (Table 6.5). The lower shoot:root 
ratios in stressed barley treatments occurred as a result of the larger 
suppression of shoot dry weight (Table 6.2) than root dry weight 
(Table 6.4). 
Table 6.5 
Culture 
Mixture 
Monoculture 
Effect of watering treatment and lime on the ratio 
of shoot dry weight (g) to the weight of root 
organic matter (g) in Experiment 8. (The S. E. of 
each mean is shown in parenthesis). 
Water-lime Barley Wheat treatment 
WW, L/UL 13.3 (1.1) 5.4 (0.9) 
WW, L 12.3 (0.7) 3.9 (0. 1) 
SD, L/UL 8.6 (1. 3) 5.0 (0. 1) 
SD/ L 13.4 (0.8) 4.2 (0.9) 
SD, L/UL 6.2 (0. 3) 9.6 (0.6) 
3.2 Experiment 9. 
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3.2.l Root growth. The overall effect of deep placement of 
nutrients on root growth was generally small and non-significant 
(P>0 .05). For example, mean root densities for harvests 82, 91 and 
99 days after sowing did not differ between nutrient treatments within 
sections of profiles of each watering treatment. There was, however, 
a significant (P < 0. OS) interaction between watering treatments, 
nutrients and harvest date (Table 6.6). At the final harvest, mean 
root density for the whole profile of SD treatments was higher in the 
presence of fertilized soil below 45 cm than in its absence, but at 
the same harvest of TD treatments the higher root density occurred in 
the absence of the deep nutrients. These effects, when compared with 
the similarity of root densities in all watering treatments at the 
earlier harvests, were slightly anomalous. The largest differences 
coincided with the only differences found in leaf turgor potential (P) 
Table 6.6 
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Effect of the presence or absence of basal nutrients 
below 45 cm on mean root density (cm cm- 3) in 
well-watered (WW), surface drought (SD) and total 
drought (TD) treatments in Experiment 9, at days 82, 91 
and 99 after sowing (8, 17 and 25 days after 
corrunencement of watering treatments). 
Watering Basal Days after sowing 
treatment nutrient 82 91 99 
WW Absent 5.3 7.0 8.6 
Present 5.3 7.5 8.3 
SD Absent 4.4 5.6 6.8 
Present 4.5 5.8 7.4 
TD Absent 4.5 5.5 6.8 
Present 4.4 5.7 5.8 
S.E. of each mean 0.28 
such that in the two nutrient treatments with significantly higher 
r oot densities at the final harvest, the wheat components had 
substantially higher P, at the preceding harvest, than the corresponding 
treatments with lower root densities (Table 6.7). The differences in 
Pin the TD treatments could have arisen from small differences in the 
rate of depletion of soil water; the soil water retention curve 
(Figure 5.14) showed that soil water potential declined rapidly at 
water contents below about 14 g lOOg- 1, so that large differences in 
leaf water status could be expected with only small changes in soil 
water content. 
The presence of basal nutrients below 45 cm could increase root 
g~owth wher e the uptake of nutrients from the shallower soil was 
Table 6.7 
Watering 
t reatment 
WW 
SD 
TD 
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Root density 99 days after sowing, and the calculated 
pre-dawn leaf turgor potential (P), observed 91 days 
after sowing in Experiment 9. 
Basa l Root density P (MPa ± S . E . ) 
nutrient (cm -3 cm ) Wheat Barley 
Absent 8.6 0.83 (0.03) 0.82 (0 . 01) 
Present 8.3 1. 03 (0.10) 0.99 (0 . 04) 
Absent 6.8 0.70 (0.04) 0.58 (0. 09) 
Present 7.4 0 . 96 (0 . 05) 0.59 (0 . 03) 
Absent 6.8 0 . 60 (0 .15) 0.24 (0. 03) 
Present 5.8 0 . 08 (0 . 22) 0.12 (0 .13) 
r educed by surface droughting. The surface drought treatment therefore 
provided the best opportunity for observing the effect of deep nutrient 
placement. Root densities wer e compared using at-test, which showed 
t hat densities i n SD treatments did not differ in each of the five soil 
s trata below 55 cm at 82 days after sowing; at 91 and 99 days there 
were differences in the deep soil layers as shown for day 99 in Figure 6.3. 
At no harvest of WW and TD treatments were root densities below 55 cm 
altered by the presence or absence of basal nutrients (Figure 6.3). 
Mean root densities below 55 cm at the final harvest showed that 
in the presence of basal nutrients, root density increased from 
-3 3 3.11 cm cm in WW treatments to 3.86 cm cm- in SD treatments, or by 
25 per cent; in the absence of basal nutrients the difference between 
the two watering treatments was not statistically significant. Within 
the SD treatment, root density was 31 per cent higher in the fertilized 
soil than in the non-fertilized soil (Table 6.8). 
Figure 6.3: Effect of the presence (open symbols) or absence 
(closed symbols) of basal nutrients in the lower 
55 cm of the profile in Experiment 9 on root 
density profiles of a 1:1 mixture of wheat and 
barley in (a) well-watered and (b) surface drought 
and (c) total drought treatments, 82 days (.b.,•) 
and 99 days (o,•) after sowing. Horizontal bars 
-3 
are one S.E. of the mean; S.E. < 0.5 cm cm are 
not shown. 
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Table 6.8 Effect of watering treatment and basal nutrients 
-3 below 45 cm on mean root density (cm cm ) below 
55 cm at the final harvest of Experiment 9. (S.E. 
of each mean is shown in parenthesis.) 
Watering Basal nutri ents 
treatment Absent Present 
WW 3.55 (0.49) 3.11 (0.11) 
SD 2.95 (0.05) 3.86 (0.07) 
TD 1.73 (0.07) 1.71 (0.11) 
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Root densities increased in each treatment between successive 
harvests and were also lower in successively deeper strata of the soil 
profile. These effects were similar to those described in Experiment 
6 (Chapter 5) and are therefore not discussed further in this Chapter. 
In Experiment 9 however, the localised root growth response to soil . 
water supply was well illustrated . Root densities were similar in the 
dry shallow strata of the soil of SD and TD treatments and both were 
significantly smaller than the densities in WW treatments. In deep 
wet strata of WW and SD treatments the densities were also similar and 
t ended to be greater than the densities in corresponding strata of TD 
profiles (Figure 6.3). Therefore, in the upper and lower strata of the 
profile, densities in SD treatments were similar to TD and WW treatments 
respectively. 
3.2.2 Shoot growt h. There were no significant effects of deep 
nutrient placement on shoot growth. For example, mean total shoot 
-1 yield for all watering treatments and harvests was 85.9 g box in the 
-1 
absence of basal nutrients below 45 cm, and 88.5 g box with the 
presence of deep basal nutrients (S.E. of each mean 1.5). However, as 
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the shallow rooting barley component of the mixture did not have access 
to the deep nutrients and, as observed in Experiments 5, 6 and 7, barley 
had higher shoot weights than wheat, shoot growth responses in the 
wheat component may have been obscured in total yields of the mixture. 
-1 Although the weight of wheat shoots increased from 5.3 g plant at the 
-1 
commencement of the watering treatments, to 14.0 g plant at the final 
harvest, there were no significant effects of nutrient placement on 
the increase in the weight of the shoot of the wheat component in any 
watering treatment (Table 6.9). Wheat shoot yields were significantly 
lower in the total drought treatment, especially at day 99 when most 
of the water available to the plants had been used. 
Table 6.9 Effect of the presence or absence of basal nutrients 
-1 below 45 cm on wheat shoot dry weight (g plant ) in 
well-watered (WW), surface drought (SD) and total 
drought (TD)treatments in Experiment 9, at days 82, 91 and 
99 after sowing (8, 17 and 25 days respectively, 
after commencement of the watering treatments). 
Watering Basal Days after sowing 
treatment nutrient 82 91 99 
WW Absent 6.0 11. 8 16.9 
Present 9.0 11. 0 17.9 
SD Absent 7.7 9.2 15.7 
Present 8.4 9.0 13.9 
TD Absent 6 .7 8.1 10.0 
Present 6.6 8.4 9.6 
S.E. of each mean 0.84 
.------· ------------------------------------------------·· 
4. DISCUSSION 
The results in Experiment 8 confirmed that the depth of root 
penetration of barley in mixture with wheat in limed-unlimed soil 
~rofiles, differed little from the depth observed in monoculture. 
When the mixture in L/UL soil was surface droughted, the 
proliferation of roots below 55 cm in Experiment 6 (Figure 5.lc), 
and again observed in Experiment 8 (Figure 6.la), was due to the 
wheat component of the mixture. 
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Deep root growth of the wheat component in 1:1 mixtures grown 
in L/UL soil, was not prevented by the absence of basal nutrients in 
the deep soil strata, but the presence of nutrients and surface 
droughting together stimulated deep root growth. As the root density 
of 3.11 cm cm- 3 in WW profiles supplied with basal nutrients throughout, 
-3 did not differ from the density of 2.95 cm cm in SD profiles in which 
basal nutrients were absent from soil below 55 cm, the results in 
-3 Table 6.8 suggest that the higher root density of 3.86 cm cm 
observed in the SD, fertilized treatment occurred only in response to 
both the presence of basal nutrients and surface droughting. Thus, 
extensive proliferation of roots in deep, wet strata is reduced by 
the lack of nutrients. The nutrient status of the acid soil used in 
these experiments was extremely low, so that in the field, stimulation 
of deep root growth by surface droughting could be reduced by low 
nutrient availability. This may in turn reduce the ability of the 
plants to withdraw sufficient water from the soil during periods of 
high atmospheric demand (e.g. Hurd 1974), and so increase the 
susceptibility of the plants to drought. 
The stimulation of deep root growth through the combined effect of 
nutrients and surface drought, did not increase shoot growth (Table 6.9). 
201 
This contrasts with findings by Garwood and Williams (1967), in 
which injection of nutrients into wet soil at a depth of 45 cm 
increased the shoot regrowth of grass swards, when the uptake of 
nutrients from the surface soil ·was reduced by surface droughting. 
Regrowth therefore depended on the uptake of nutrients from the deep 
wet soil, or a depletion of root reserves, whereas in Experiment 9 
in this thesis, the pool of nutrients in the shoots was not removed 
at the commencement of the watering treatments. Nutrient concentrations 
in the shoot were not measured, so the effect of the additional root 
growth on nutrient uptake could not be assessed. 
Throughout Experiment 8, the wheat plants in all treatments were 
not water stressed and nutrients were mixed uniformly through all 
profiles at the commencement of the experiment. The length of wheat 
roots was, however, higher in all mixture treatments than in monoculture, 
suggesting that the presence of the barley plants had a direct 
stimulatory effect on the growth of wheat roots. Both water and nutrient 
supply may have influenced this response, as partly indicated by the 
results from Experiment 9. In wheat monoculture, the surface drought 
deve loped more slowly than in the mixture, due to the smaller shoot 
biomass in the monoculture, so there was a lower requirement for water 
from the deep strata and hence less stimulation of deep root growth. 
In mixture, different effects operated in WW and SD treatments; in WW 
treatments, as the supply of nutrients in the shallow soil declined, 
deep root proliferation occurred in response to high nutrient availability. 
This effect should have been confirmed in Experiment -9 (Table 6.8), but 
-3 due to a high standard error of 0.49 cm cm for the root density of 
-3 3.55 cm cm in deep soil not supplied with basal nutrients, it was 
not possible to conclude that deep root growth in WW profiles was 
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stimulated by the presence of nutrients. In SD profiles, where water 
in the shallow soil was depleted more rapidly in the mixture than in 
the wheat monoculture, deep proliferation of wheat roots occurred in 
response to high water and nutrient availability, as observed in 
Experiment 9 (Table 6.8). 
The greater length of root of wheat plants in mixture with barley 
with 
in Experiment 8 wo..s not o.ssoc.io.te.d L substantially higher dry weights of 
the wheat shoots and therefore produced a substantially lower shoot:root 
ratio. The effect of water deficits on the preferential development 
of the root over the shoot, as observed in barley in Experiment 8 and 
also indicated by frequently reported decreases in the shoot:root ratio 
(e.g. Pearson 1966; Hoffman, Rawlins, Garber and Cullen 1971), is a 
mechanism of plant adaptation to drought. The decline in the ratio 
for wheat in mixture in the absence of water stress could be viewed 
as an additional benefit, which may allow postponement of the onset 
of drought. Adjustment of the shoot:root ratio is usually observed only 
after plants begin to experience water deficits, so that by increasing 
root growth before the onset of stress, the plant may have access to a 
greater reserve of soil water and hence delay the onset of the drought. 
Chapter 7. 
The use of relationships between root length and 
root weight for the routine estimation of the 
length of root in large scunples. 
1. INTRODUCTION 
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The length of root in samples washed from soil can be estimated 
by line intercept methods, either manually (Newman 1966) or by a 
semi-automatic procedure employing a photoelectric cell (Rowse and 
Phillips 1974). Unless large numbers of samples are being measured 
regularly, the manual method is a simple, inexpensive technique for 
measuring root lengths. However, as the number of samples, and/or 
their size increases, the labour requirement increases sharply, so 
that ecologists are frequenly faced with the alternative of measuring 
lengths only on subsamples of roots. The number of subsamples measured 
can be substantially reduced if relationships between root length and 
root weight can be used to predict lengths from the weights of large 
numbers of samples. 
The procedure adopted for estimating the lengths of roots in the 
large number of samples collected in the studies discussed in earlier 
chapters of this thesis was to measure the lengths of subsamples and, 
from a linear relationship between their length and the weight of 
organic matter, predict root lengths from the weights of the large 
number of samples. Evidence from the literature indicates that 
individual roots in an acid soil are sometimes thickened and less 
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branched (Foy 1974a) and that the supply of water and nutrients can 
also affect root branching (e.g. Hackett 1968; Klepper, Taylor, Huck 
and Fiscus 1973). Root fineness usually increases in successively 
higher order laterals, so that the slope of the linear relationship 
between root length and weight (i.e. root fineness) may differ between 
species, watering and nutrient treatments, and between sections at 
different depths in deep soil profiles. It is not known, however, 
whether the overall fineness of a plant root system is appreciably 
altered by these factors. Data from the experiments described in 
previous chapters of this thesis make such an analysis possible. 
2. MATERIALS AND METHODS. 
The length in a subsample of roots washed from the organic soil 
i n all treatments, and from between depths of 45 cm and 55 cm in all 
limed-unlimed soil profiles, was measured by the method described in 
Chapter 5. From the length and weight of organic matter (OM) in each 
subsample, the length of root in the whole sample was estimated using 
the ratio of the weights of the subsample and the whole sample. These 
data were not included in the regression analyses of treatment effects 
on. root fineness. 
A random selection of samples from the remaining sections in the 
deep root boxes (i.e. the four sections between 5 cm and 45 cm and the 
five sections below 55 cm) were subsampled. Lengths in the subsamples 
were measured and the roots were ashed and weighed as describ ed in Chapter 5. 
The number of subsamples measured varied between experiments. In 
Experiment 9 for example, 283 subsamples from the total of 440 samples 
collected were measured. Linear relationships were established 
between root length and the weight of root organic matter from 
--- ---
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subsamples of the same treatments and from depths either above 45 cm or 
below 55 cm. The regression lines for different treatments and depths 
were compared using the method described by Snedecor and Cochrane (1967) . 
Where no differences were found between the slopes and intercepts of sets 
of lines, the data were pooled and an overall regression line was fitted. 
3 . RESULTS. 
The linear relationship between length (y) and root organic matter (OM) 
(x) describes the mean root length per unit weight, and is the measure of 
root fineness used in this Chapter. Results are presented only to 
illustrate major effects, and are not intended to be an exhaustive 
treatment of the data . 
3.1 Effect of lime . The fineness of barley roots in the acid soil 
increased with increasing rates of lime, but lime had no effect 011 the 
fineness of wheat roots. The effect is illustrated from Experiment 4b in 
Figure 7.1 . The regression line for barley roots from unlimed soil and 
soil limed at 0.25 g kg-l did not differ from the line for barley roots 
-1 from soil limed at 0.5 g kg , so that an overall regression line (line 1) 
was fitted to the data. The overall regression (1) differed (P < 0.01) 
from the overall regression line (2) fitted t o data from soil limed at 
-1 1. 0 and 1. 3 g kg Both (1) and (2) differed (P < 0. 01) from the overal 1 
regression (3) fitted to the data from barley treatments limed at rates 
-1 between 1.5 and 3.0 g kg and all wheat data . The increasing fineness 
of barley roots was probably due to the direct or indirect effect qf calcium 
on root branching and elongation. 
In Experiment 5, where three rates of lime were used, the 
relationships between root length and root OM were similar to those 
described in Experiment 4b. The fineness of barley roots from soil 
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Figure 7.1 
10 20 30 40 50 60 70 
ROOT ORGANIC MATTER (mg) 
Linear relationships between root length and root 
organic matter for roots of barley (open symbols) 
and wheat (closed symbols). Overall regression 
lines were fitted to (1) barley treatments with 
-1 0 . 25 and 0 . 5 g CaC03 kg , (2) barley treatments 
-1 
nil, 
with 1.0 and 1.3 g Caco3 kg , (3) barley 
-1 treatments with 1.5, 1.7, 2 . 0 and 3 . 0 g CaC03 kg 
and all wheat treatments . 
-1 limed at 1. S and 2. 2 g kg did not differ (P > 0. OS), but both were 
significantly finer than barley roots from the 0.8 g Caco3 kg-l 
treatment. The fineness of wheat roots was not altered by the rate 
of liming, but whereas the fineness of wheat roots did not differ 
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from that of barley roots in soil limed at rates at or above 1.5 g kg-l 
in Experiment 4b, wheat roots in Experiment S were .significantly finer 
-1 than barley roots from the 1.5 and 2 . 2 g kg treatments. The slopes 
of the regression lines fitted to each of these groups of data for 
wheat and barley in Experiment S did riot differ (P > 0 . OS), but the 
elevation of the regression line fitted to the wheat data was higher 
(P< 0.05) than the line fitted to the barley data. 
The results from Experiments 4b and S illustrate a general effect. 
of lime on root fineness . They also showed that the extent of 
differences between species may differ between experiments, so that new 
relationships between root length and root OM need to be established 
in experiments conducted at different times. 
3.2 Effect of nutrients other than lime . The effect of the presence 
or absence of basal nutrients on the linear relationship between the 
length and OM content of subsamples of roots from soil between depths 
of 55 and 95 cm was examined in each of the three watering treatments 
at each harvest of Experiment 9. There were no cases where the lines 
differed between treatments differing only in nutrient supplies. At 
harvest 2, 82 days after sowing, when there were no watering treatm~nt 
effects on the relationship, the data from all watering treatment5 
were pooled to again estimate the effect of the deep nutrient placement. 
The regression line for roots grown in soil without basal nutrients, 
y = 0.156x + 0.819 (r = 0.96) 
did not differ significantly from the relationship for roots from fertilized 
soil , y = 0.141x + 1.205 (r = 0.95) 
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3.3 Effect of water supply. Straight lines fitted to data 
from well-watered (WW) and surface droughted (SD) monocultures and 
the mixture in Experiment 6, and the mixture in Experiment 9, did 
not differ significantly between watering treatments within each 
culture. In Experiment 9 however, there were differences between 
the pooled WW and SD treatments and the total drought (TD) treatment, · 
which increased as the water deficit in the TD treatment became more 
severe. At harvest 2, 8 days after the commencement of the TD, the 
regressions did not differ between the three watering treatments, but 
with each successive harvest there was a trend toward thicker roots 
in the TD treatments. This effect is shown by lines (1), (3) and (5) 
in Figure 7.2 for root samples from depths between 55 cm and 95 cm. 
Lines (1), (3) and (5) in Figure 7.2 did not differ statistically 
(P> 0.05), but the trend indicates that a long term drought may alter 
root fineness, possibly as a result of shedding of the finer, higher 
order laterals. 
3.4 Effect of the length of the growth period. In Experiment 6, 
neither the slopes nor the intercepts of lines fitted to data from 
harvests 50 days and 69-70 days after sowing differed significantly 
between harvestswithin monocultures and the 1:1 mixture (Table 7.1). 
However, in Experiment 9, the pooled lines for \IJW and SD treatments at 
harvest 2 differed from the lines at harvest 3 and 4, which were 9 -and 
17 days respectively, later than harvest 2. This effect is shown by 
lines (1), (2) and (4) in Figure 7.2. The lines at harvests 3 and 4 
did not differ significantly, but the elevations of both were 
significantly (P <0 .01) higher than the overall line at harvest 2 
(line 1). The effects shown in Figure 7.2 for watering treatments and 
time of harvest were similar to those found between treatments in samples 
from depths of 5 cm to 45 cm. 
Figure 7.2 Linear relationships between root length and root organic 
matter for samples of mixed barley and wheat roots from 
between depths of 55 cm and 95 cm in Experiment 9. The 
lines are overall regressions fitted to data pooled from 
well-watered (WW), surface drought (SD) and total drought 
(TD) treatments harvested 82, 91 and 99 days after sowing. 
Data are shown only for line (4) (closed symbols) and line 
(5) (open symbols). 
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Table 7.1 
Culture 
Barley 
Wheat 
Mixture 
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Regression coefficients (B), intercepts (a) and correlation 
coefficients (r) of lines describing the linear relationship 
between the length (m) and organic matter content (mg) of 
roots from barley and wheat monocultures and a 1:1 mixture 
of the two species in Experiement 6, at harvests SO days 
and 69-70 days after sowing; n is the number of samples 
measured in each treatment. 
Days after 
n B r sowing 
so 6 0.362 -0.664 0.95 
69-70 13 0.382 0.903 0.97 
50 8 0.309 1.426 0.96 
69-70 13 0.348 o. 776 0.90 
50 9 0.337 1. 513 0.93 
69-70 38 0.378 0.592 0.96 
3.5 Effect of specie s. As neither the slopes not the intercepts 
of lines differed significantly between watering treatments or between 
harvests, in Experiment 6, data were pooled to estimate differences 
between monocultures and the 1:1 mixture of wheat and barley. The 
regressions for each culture did not differ (P > 0. OS), and so a single 
ljne fitted to all data was used to predict root length (m) from the 
weight of root organic matter (mg) in each section of the profile in 
Experiment 6; 
y = 0.385x - 0.218 (r = 0.96, P<0.01). 
In contrast, the slopes of the overall regressions for the 
manually separated root systems of wheat and barley in Experiment 8 
differed (P < 0. 01). The regressions are shown in Table 7. 2. 
Table 7 . 2 
Species 
Barley 
Wheat 
Regression coefficients (8), intercepts (a ) and 
correlation coefficients (r) of lines describ i ng 
the linear relationship between the length (m) 
and organic matter content (mg) of roots of barley 
and wheat sampled at depths of 20 cm and 70 cm in 
Experiment 8; n is the number of samples measured 
in each treatment and the overall regression is for 
the pooled data from the two depths. 
Depth (cm) n f3 a 
20 27 0.314 0 . 581 
70 12 0 . 321 1. 852 
Overall 39 0.309 1.309 
20 18 0.398 -0.398 
70 19 0.442 -0.457 
Overall 37 0.443 -0.809 
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r 
0.93 
0.84 
0.91 
0 . 95 
0 . 94 
0.97 
3.6 Effect of t he depth of sampting . In Experiments 6, 7, 8 and 9, 
data from roots from s ections of the pr ofil e between : 5 cm and 45 cm 
and also between 55 cm and 95 cm were pooled without testing for 
differences in root fineness within each 40 cm depth interval. There 
were large differences in root fineness between the upper and lower 
40 cm intervals in Experiments 7 and 9, but not in Experiments 6 and 8. 
An example of the difference in Experiment 9 is shown in Table 7.3. 
The 70 - da)' period -.of growth in Experiment 6 was shorter, and the 118-day 
period in Experiment 8 was longer than the period of growth in 
Experiments 7 and 9, so that the increase in root fineness with depth 
was not dependent on the length of the growth period. Separate 
Table 7.3 Regression coefficients (8), intercepts (a) and 
correlation coefficients (r) of lines describing 
the linear relationship between the length (m) 
and organic matter content (mg) of a well-watered 
mixture of barley and wheat roots from between 
two depths . at the final harvest in Experiment 9; 
n is the number of samples measured at each depth. 
Depth (cm) n 8 r 
5-45 
55-95 
7 
11 
0.322 
0.209 
2.067 
0.291 
0.99 
0.96 
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relationships between root length and root weight were therefore .used 
to predict root lengths in the upper and lower parts of the profile 
in Experiments 7 and 9. 
4. GENERAL DISCUSSION 
Estimation of the lengths of root. samples from their OM content, 
using a linear relationship between the length and weight of OM in 
a small number of subsamples, is an effective method for use in routine 
estimations. The method also permits some saving of time and labour 
inputs, when compared with measuring lengths in a subsample of all 
samples. In the case of Experiment 9, the difference in time between 
measuring lengths in 283 subsamples and measuring a subsample of each 
of the 440 samples was approximately 39 man hours. 
There are, however, a large number of factors which influence 
the linear relationship between root length and the weight of OM. Some 
of these factors have a large effect in some experiments but not in 
-- -
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others. In barley, but not in wheat, root fineness differed markedly 
between soils limed at different rates; ~n soil limed at rates above 
-1 1. 5 g kg , the difference between the species was significant 
(P <0.05) in Experiments 5 and 8, but there was no difference in 
Experiments 4b and 6 . However, the biological significance of some 
differences was small. In Experiment 5, for example, the length of 
root per 100 mg OM was 24 . 0 min barley treatments limed at 1.5 and 
2. 2 g kg- 1, and 27.1 min all wheat treatments. The level of accuracy 
required in estimating root lengths by this method will therefo r e 
determine the biological significance of differences between regression 
lines . The effect of intervals between harvests, and differences 
between samples from deep and shallow strata of the profile, also differed 
between experiments. No differences were found between well-watered 
and surface droughted treatments in Experiments 6 and 9, but both 
differed from the total drought treatment in Experiment 9. In well 
fertilized plants, the presence or absence of basal nutrients in deep 
layers of soil had no effect on root fineness. Examination of 
Figures 7.1 and 7.2 also suggests that the difference between the 42- day 
period of growth in Experiment 4b and' the period great er t han 82 days in 
Experiment 9 r esulted in a marked change in average root fineness. 
Although the presence or absence of basal nutrients in deep strata 
of the profiles in Experiment 9 did not alter root fineness, nutrients 
were well supplied in the shallow strata. This result should not be 
interpreted to indicate that the difference in root fineness may not 
occur between root systems grown in soils with different overall levels 
of nutrient availability. 
It is apparent t hat many factors influence root fineness and their 
effect may differ between experiments . Therefore, to avoid possibly 
large errors in predicting root lengths from linear relationships between 
. 
r-------· _ .. ----------------------------------------------··-
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lengths and weights in subsamples, the results from each set of 
samples need to be examined closely. Once the nature of the differences 
are established, a biological interpretation of the significance of 
statistical differences is required which is consistent with the level 
of accuracy sought. 
. 
r------· _ ... ---------------------------------------
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Chapter 8. 
General, discussion and conclusions . 
The above ground effects of competition for light and carbon 
dioxide on the shoot growth of plants have been well documented (de Wit 
1960; Donald 1963; Trenbath 1976), but the effects of interactions 
between root systems on the supply of water and nutrients to the shoots 
of plants have not been widely studied. The series of experiments 
discussed in this thesis provides documentary evidence for the effect 
of the depth of root penetration on the supply of water to plant shoots 
and the role played by root systems in the adaptation of plants to water 
stress. 
When soil is uniformly wet, water is extracted preferentially 
from shallow strata of the soil where both the density of roots and the 
number of large roots, which have lower resistances to axial flow than 
fine roots, are highest. As the soil dries, resistance to the flow of 
water through the soil and across the root cortex increases, and when 
this increase exceeds the additional resistance to axial flow in the 
longer, deeper roots, water is taken up preferentially from deeper 
layers of the soil profile. Root densities usually decline with increasing 
depth, but the rate of depletion of soil water is not appreciably influenced 
by root densities, except at very low values. In Experiment 5, for 
example , the rate of water use by barley in well-watered treatments ranged 
-1 -1 from 370 g day to 420 g day with root densities in the acid soil 
-3 between 3 . 3 cm cm and 5 . 7 cm cm- 3 Therefore, only modest lengths 
of root are required to minimise the resistance to water flow across 
- -
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the soil-root interface (Newman 1969a), but the quantity of water 
taken up by plants sharing a layer of wet soil appears to be in 
proportion to the amount of root of each plant in the wet soil (see 
review by Russell 1977). Roots therefore proliferate in the wet soils, 
as observed in surface droughted barley monocultures in L/UL soil in 
Experiment 6, and this is clearly a useful mechanism for adaptation 
to water deficits (Passioura 1974). 
In addition, two previously unreported aspects of root 
proliferation were observed in mixtures of wheat and barley; 
(i) Total root length in the mixtures in Experiment 6 and 7, but 
not in Experiment 8, was greater in L/UL soil profiles than 
in L profiles, irrespective of watering treatment. In 
Experiment 7, for example, there was 81.3 km root m- 2 in 
-2 the WW, L/UL treatment and 70 .3 km m in the WW, L treatment 
(S.E. of each mean 1.4), which indicates that the effect was 
not due to root proliferation as a result of depletion of 
water in the upper part of the profile, as discussed above. 
Root length of each species in the mixture was not 
ascertained so that conclusions on the nature of the increase 
are not possible. 
(ii) Total root length of wheat,in surface droughted mixture 
with shallow rooted barley,exceeded the length of wheat 
roots in monoculture when water was freely available in the 
lower 10 cm of the profile (Table 6.2). Part of this 
difference may have been due to different rates of depletion 
of water in the shallow strata between the mixture and 
monoculture, and hence the greater stimulatory effect on 
deep root proliferation of wheat in the mixture. However, this 
. 
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effect was : small, as shown by the increase of less th~n 
13 per cent in total root length between WW and SD mixture 
treatments. The results therefore suggest that the 
presence of barley stimulated root growth of the wheat 
component. 
The greater length of root of wheat plants grown in a surface 
droughted mixture was not accompanied by higher shoot weights, and hence 
the shoot:root ratio was substantially lower in wheat grown in mixture 
t han in monoculture. Troughton (1974) has shown that this feature in 
LoZiwn perenne may delay the onset of the effects of water deficits, 
as the resistance to the flow of water to plant shoots was lower in 
plants with a large root system than in those with a small root system. 
A delay in the onset of plant water deficits by this means could be of 
considerable advantage, in terms of the productivity of plant shoots, 
during short term droughts. However, if the drought is prolonged, water 
deficits in plants with larger root systems develop rapidly as the little 
remaining water in the soil is depleted (Troughton 1974). When water 
deficits develop rapidly, the ability of plants to adapt to drought, 
by adjustment of the osmotic potential of the cell sap, is reduced 
substantially (Jones and Rawson 1979). When droughts are prolonged, or 
when plants rely solely on water stored in the profile before the 
commencement of the growing season, the alternative rooting strategy 
proposed by Passioura (1972) for wheat, may be more appropriate for. 
the conservation of the limited resource. This strategy was discussed 
in Chapter 2, but briefly involves reducing the hydraulic conductance 
of roots by limiting the seminal root system to a single axis. 
There is an energy cost to the plant in producing deep roots, but 
this cost was a worthwhile investment in a number of situations in the 
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experiments described . Well-watered barley plants grown in monoculture 
for 70 days in Experiment 6, produced 17.9 g shoot dry matter per plant 
in shallow rooting treatments and 25.4 g plant-l in deep rooting 
treatments . There was a more than two-fold difference when the same 
treatments were surface droughted, so that the investment in deep roots 
increased shoot yields substantially. However, as the profiles were 
uniformly fertilized at high rates, there may be considerably lower 
rates of return on the expenditure of energy for deep root growth when 
nutrient supply in the deep strata is low. Apart from the beneficial 
effect of deep root growth on shoot yields, the survival of deep rootingwheat 
plants grown in mixture with shallow rooting barley plants was also 
considerably enhanced by the separation of the root niches. This was 
observed in Experiment 6, when water in the deep soil layers was 
replenished, and in Experiment 7 during the development of the total 
drought. In the latter case, the leaf area of wheat plants was smaller 
than that of barley, and hence the deep rooting wheat component used 
water more slowly than the shallow rooting· barley component. This 
slower rate of water use, combined with the exclusive use of water in 
deep layers of the profile, delayed the onset of water stress in wheat, 
so that deep root growth clearly enhanced its ability to survive. 
Modification of · root systems to control or improve the efficiency 
of water use has been discussed by Taylor and Klepper. (1978), who showed 
that root systems can be changed indirectly by altering soil profile 
characteristics; the volume of soil occupied by plant roots can be 
increased by such means as disrupting high-strength soil layers, improving 
soil drainage, reducing soil salinity by leaching, and controlling 
pathogens that restrict rooting. Genetic manipulation of plant root 
systems may also improve the efficiency of water use. Passioura (1972) 
found a substantial advantage in cereal yields when the axial resistance 
.---·--· __ .. ---------------------------------11!111!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!-1111!!!!!!!!!!!!!!!---·-· 
to water flow was increased in wheat. Hurd (1974) estimated that 
the economic returns from wheat cultivars with -high root densities 
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in deep strata were eight million dollars per year higher than cultivars 
with sparse root densities in Saskatchewan in 1975. The scope for 
genetic manipulation appears to be considerable. Zobel (1975), for 
example, estimated that 30 per cent of tomato genes affect some aspect 
of root development, and that 6 per cent of a population of tomato 
plants contained root mutants which were not coupled to any shoot 
character. Thus, plant breeders have the opportunity to alter the 
characteristics of plant root systems independently of shoot characteristics. 
The type of changes in root systems will vary between different 
localities, depending on the nature of the local problem. This is 
perhaps one basis for the apparent conflict between selection for deep 
root proliferation (Hurd 1974) and a small number of seminal roots, with 
small diameter metaxylem vessels (Passioura 1972). While both have the 
objective of conserving water, to alleviate stress during periods of 
drought in the later stages of the growth cycle of wheat, the selection 
of plants has been . made to meet differing requirements. Plants with a 
high axial root resistance conserve a strictly limited volume of soil 
water, whereas plants in Hurd's study were selected to withdraw water 
rapidly from deep strata of the profile, and hence with a low axiai 
resistance, during extended hot periods when dry winds force excessive 
transpiration loads on the plants. 
While this study has emphasised the below ground part of the plant, 
rooting pattern is only one of a number of plant characters which may 
influence the extent of the depression of plant yields under drought 
conditions. Shoot characteristics are also important (Begg and Turner 
1976) . Factors such as an ability to maintain green leaf area, 
photosynthesis and translocation of photosynthate, and to lower the 
- -
osmotic potential of cell sap during periods of water deficits, 
contribute significantly to the ability of plants to resist drought. 
The development of shoot water deficits and the accompanying 
reduction in green leaf area and shoot growth rate was strongly 
influenced by the combined effect of water availability and the 
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depth of root penetration. When the roots of neighbouring plants 
shared the same volume of soil and the supply of water was limited to 
that stored in the profile, shoot water deficits developed at the same 
rate in all plants (Figure S.Sb). However, when the root niches were 
partially separated by the lime treatment, water deficits in the 
deeper rooting wheat component of a surface droughted mixture did not 
develop (Figure S.Sa). The shallow rooted barley component in both 
treatments quickly depleted the supply of water in the upper layers of 
the soil, due to its large shoot size, and severe deficits developed 
rapidly. 
There was, however, an important difference between the mixture 
and monoculture performance of shallow rooted barley, when the soil 
below the root zone was watered. In monoculture, the proliferation 
of roots at the base of the limed section of the profile, a marked reduction 
in green leaf area, and the upward movement of water from the deeper, 
wet unlimed soil permitted some recovery of shoot water status. In 
mixture, the wheat plants depleted the supply of water in soil below 
the barley root zone, so that although water stress developed at a 
slower rate and leaf area declined more slowly in barley in mixture than 
in monoculture, the shoot water deficits were more severe at the end of 
the experiment and there was no recovery. The significance of this 
result can be seen by extrapolation to a field situation. 
Cereal crops are frequently sown on the Tablelands of .S . W. for 
grazing by sheep and cattle during the autumn and winter months; the 
,---·--· ..... "9'------------------------------------------111!!!!1---111_. 
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crops are always sown in monoculture and their growth is frequently 
limited by short term droughts (Spurway 1972). Where root growth 
responses to the soil conditions are similar to those shown in L/UL 
profiles in this thesis, a mixture of wheat and barley may be a more 
productive crop than either wheat or barley monocultures. The shallow 
rooting barley monoculture produced higher shoot yields than the 
mixture, but it depleted the supply of water stored in the soil more 
rapidly than the mixture, so that severe water deficits developed at an 
earlier stage, and green leaf area was more severely reduced. The 
effects of drought on the barley component of the mixture occurred 
later than in monoculture, and were less severe, so that the decline 
in green leaf area at the end of the short term drought was less in 
mixture than monoculture. A high proportion of green leaf in winter 
grazing crops has a substantial advantage in terms of animal production 
(Spurway, Wheeler and Hedges 1974). 
It is only in recent years that the potential gains in plant 
productivity from manipulating the root system of plants have begun to 
be appreciated. Delay in recognising this potential has been at least 
partly due to the preoccupation of research programs with the agronomy 
and physiology of the shoots of plants. The full potential will not be 
realised until the paucity of data in many areas of root growth and 
physiology is overcome, and there is a wider acceptance of the 
interrelationships between the roots and shoots of plants. 
.------· __ ... ---------------------------------------··-
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Appendix 1. 
Effect of root storage temperature on dry weight losses 
, 
of tomato and barley roots during subsequent washing. 
Lengths of roots in experiments discussed in this thesis were 
estimated by the basic line intercept method described by Newman (1966), 
and the use of linear relationships between the length and weight of 
organic matter in root samples (Chapter 7). The roots were cut into 
short segments and distributed on a black filter paper for measurement. 
To achieve an even distribution on the paper, the roots were suspended 
in water over the paper in a Buchner funnel. During this process, as 
well as during the final cleaning of the samples before measurement, 
leakage of cell contents could occur if the integrity of the roots was 
disrupted. Such disruptions could occur as a result of the conditions 
of storage of the samples between the initial washing from the soil and 
their measurement in the laboratory. It was rarely possible to measure 
the roots immediately after their recovery from the soil. so that a 
suitable method of storing large numbers of samples was required. If 
samples of roots, with for example different age distributions, were 
differentially affected by the temperature at which they were stored, 
the closeness of the linear relationship between the length and weight 
of organic matter could be reduced. The effect of storage temperature 
on tomato and barley roots was therefore investigated. 
Samples of roots of tomato (cv. Paste 56) and barley (cv. Abyssinian) 
were refrigerated at 2°c for 48 h, cleaned in water and divided into 
four approximately equal subsamples. The subsamples were surface dried 
by pressing between sheets of absorbent paper. Two were weighed and 
I 
1, 
,, 
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dried at 80°C in tared dishes and the remaining pair were frozen at 
0 
-15 C, thawed at room temperature, rinsed in distilled water, surface 
dried as before, weighed and oven dried at 8o0 c. The subsamples were 
reweighed after drying and the ratio between their dry and fresh 
weights was calculated (Table Al.1). 
The results indicated that freezing did not affect roots of barley, 
but there were large dry weight losses in tomato roots which had been 
frozen and subsequently washed before drying. It was therefore 
concluded that tomato roots could be refrigerated, but not frozen, and 
that barley roots could be safely frozen without apparantly disrupting 
the integrity of the roots. 
Table Al.1 
Species 
Tomato 
Barley 
Effect of storage temperature and subsequent washing on 
the loss in dry weight of roots of tomato and barley 
plants. The roots were either stored only at 2°c or 
frozen at -15°c after an initially storing at 2°c. The 
S.E. of each mean is shown in parenthesis. 
Storage Root weight (mg) A : 
temperature Fresh (A) Dry (B) (%) 
2°c 343.9 (55.0) 30.7 (5.8) 8.9 
2°c 
' 
-15°C 313.2 , (97.6) 18.5 (6.5) 5.8 
2°c .498.1 (29. 3) 47.3 (0.9) 9.5 
2°c 
' 
-15°C 481. 5 (20.6) 47.4 (3.6) 9.9 
B 
(0.3) 
(0. 3) 
(0.4) 
(0.1) 
-
I 
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Methods used for the determination of exchangeable 
cations in soil samples in Experiments 3 and 6. 
Air dried samples of the acid soil were sieved to remove the 
fraction greater than 2 mm in diameter. Subsamples of the fine 
fracti9n, weighing _10 g, .were mechanically shaken with 100 ml 
M ammonium chloride for 2 hand transferred to a water bath at 
70°C for 1 h. The suspensions were stirred at intervals during 
heating. The supernatant solution was decanted through a Whatman 
No. 44 filter into a 200 ml volumetric flask and leached with 
further small additions of ammonium chloride, allowing complete 
draining of the filter between additions, to a total filtrate of 
195 ml. The filtrate was made up to the mark with M ammonium 
chloride. 
Concentrations of the cations Na, K, Ca, Mg and Al in the filtrate 
were measured by atomic absorption spectroscopy (David 1978). 
- --
If 
Appendix 3 . 
Estimation of the area of intact green leaves 
in Experiment 5. 
248 
On days 14, 21, 31 and 39 after sowing, the length and width of 
all fully expanded green leaves in each pot were measured with a ruler. 
Leaf w~dth was measured at the widest point which was at approximately 
one-third of the length of the leaf measured from the ligule. On each 
occasion, a sample of between 11 and 20 of the measured leaves of each 
species was removed from the plants and the area of each individual 
leaf was determined using a Lambda model Ll 3000 leaf area machine. 
The machine was calibrated prior to use with a set of paper rectangles 
of known area. 
Using the measured area of the leaves in each sample and the 
product of their linear dimensions, linear regressions were fitted to 
the data from each species. The regressions were used to calculate the 
area of the intact leaves from their linear measurements. A close linear 
relationship was found in each s~mple of leaves on each sampling date 
(Table A3.l). To illustrate the distribution of data points and the 
closeness of the linear relationship, data from leaves sampled on day 
31 are shown in Figure A3.1 . 
... 
__ , 
Table A3 . l 
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Regression coefficients (8) , intercepts (a) and 
correlation coefficients (r) of lines describing 
' 2 
the linear relationship between the area (cm) and 
the product of the linear dimensions (cm) of the 
leaves at four harvests in Experiment 5; n is the 
number of samples measured in each treatment. 
Days after Species n 8 r sowing 
14 Barley 19 0.730 0.876 0 . 97 
Wheat 15 0.759 0.869 0.97 
21 Barley 12 0.735 1. 310 0.99 
Wheat 11 0 . 923 -0 . 500 0.99 
31 Barley 20 0.826 0.254 0.99 
Wheat 20 0.856 0.523 0 . 99 
39 Barley 16 0.778 1.119 0.99 
Wheat 15 0.823 1.024 0 . 99 
~-
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Figure A3 . 1 
15 30 45 
LENGTH x WIDTH (cm2 ) 
Linear relationships between leaf area 
and the product of the linear dimensions 
of the leaves of (a) wheat (cv. Colonias) 
(closed symbols) and (b) barley (cv . 
Abyssinian) (open symbols) at the sampling 
31 days after sowing in Experiment 5 . 
Details of the regression relationships 
are shown in Table A3.l. 
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Appendix 4. 
MeasUJ"ement of leaf osmotic potential. 
Leaf osmotic potential (TI) was measured on whole leaf blades, 
except that when the leaf had been used for measurement of leaf water 
potential in the pressure chamber, a 3 cm section at its base was 
discarded. This section of the leaf had been smeared with grease 
from the split-rubber seal of the pressure chamber. 
Leaves were frozen in individual, rubber-stoppered test tubes 
by immersing in liquid nitrogen, and stored at -15°C until TI was 
measured . 0 The osmotic potential was measured at 25 Con sap expressed 
from the leaf with a micropress after thawing for at least 30 min. A 
preliminary study had shown that at shorter thawing times, TI was 
substantially lower than after a 30 min thawing, presumably because 
pure ice crystals had not melted; TI changed little with longer thawing 
times up to almost 1 h. Osmotic potential has been shown to decrease 
with longer thawing times, poss i bly as a result of the hydrolisation 
of starch (Turner, Begg and Tonnet 1978t ). The change in TI as a 
function of thawing time is shown for two leaves in Figure A3 . l. 
Osmotic potential of sap expressed from thawed leaves was measured 
in a model C52 Wescor sample chamber coupled to a Wescor HR-33T 
microvoltmeter used in the dew-point mode. The chamber was calibrated 
twice daily with standard NaCl solutions . A 7 µL aliquot of the expressed 
sap was placed on a filter paper disc, sealed in the chamber and allowed 
t Turner, N.C . , Begg, J.E. and Tonnet, M.L., 1978 . Osmotic adjustment 
of sorghum and sunflower crops in response to water deficits and its 
influence on the water potential at which stomata close. Aust . J . 
Plant Physiol. ~' 597-608 . 
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Figure A3 . l Changes in the osmotic potential of sap 
expressed from a leaf of (a) Colonias 
wheat and (b) Abyssinian barley with 
successively longer t hawing times at 2S°C, 
after freezing and storing at -1S°C. 
to equilibrate for 3 min. The osmotic potential of at least two 
aliquots of sap from each leaf was measured. When the two 
measurements differed by more than 0.04 MPa, additional aliquots 
were measured until this precision was obtained. 
Measurements obtained by this technique underestimated TI 
253 
because the process of freezing, thawing and the mechanical expression 
of the sap results in the dilution of the syrnplasmic water with 
apoplastic water. Apoplastic water has an osmotic potential which is 
usually greater than -0.05 MPa (Tyree 1976) and in leaves of both 
Colonias wheat and Abyssinian barley, the volume of apoplastic water 
was found to be approximately 12 per cent of the total water content 
(Chapter 4, Section 3.4). Rather than introduce further approximations 
into the estimation of TI by attempting to correct for this dilution, 
the values of osmotic potential presented in this thesis have not been 
corrected for the dilution of the osmoticurn. 
... 
